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ABSTRACT

Mariash, Heather

Seasonal feeding strategies of subarctic zooplankton

Jyviaskyld: University of Jyviaskyld, 2012, 37 p.

(Jyvaskyld Studies in Biological and Environmental Science

ISSN 1456-9701; 241)

ISBN 978-951-39-4771-2 (nid.)

ISBN 978-951-39-4772-9 (PDF)

Yhteenveto: Vuodenaikainen vaihtelu subarktisen eldinplanktonin ravinnonkaytossa
Diss.

High-latitude lakes exhibit some of the largest seasonal variation in environmental
conditions of aquatic systems globally. The acute difference between the extended dark
winters and short cold summers at high-latitudes impose distinct constraints on food
availability and consumer survival. This thesis focuses on the extent to which different
sources of carbon, from the pelagic zone, the benthic zone, or the terrestrial catchment,
contribute to zooplankton diets in the subarctic. This includes a comparison of the
different strategies zooplankton use to adapt to arctic winters when carbon sources
other than those derived from photosynthetic production are available. Both stable
isotopes and fatty acids analysis were used to quantify the contribution of the potential
carbon sources and link the physiology of storage lipids to explain how zooplankton
can mitigate seasonal food shortages.

The seasonal variation of food sources can be directly related to ice cover and
spring melt. Spring melt brings an influx of terrestrial dissolved organic matter into the
lake, then in summer phytoplankton and other autotrophs are most abundant in the
water column. These seasonal variations in putative food sources are mirrored in the
zooplankton carbon stable isotope signatures. The stable isotope results show how
zooplankton reliance on terrestrial-derived carbon varies seasonally and between
species. Similarly, the fatty acid composition of zooplankton had distinct seasonal and
species-specific differences. Zooplankton depend on these storage lipids to buffer
winter food shortages. During summer, benthic algae provides all essential fatty acids,
and can be an important nutritional subsidy to zooplankton in tundra ponds.

Understanding the strategies and mechanisms that aquatic organisms use to
cope with a changing environment on an annual scale may provide indications as to
how they will manage in a changing climate to a broader extent. This thesis therefore
provides valuable insight into the potential resilience of high-latitude freshwater
habitats in a changing climate.

Keywords: Arctic; benthic-pelagic coupling; Daphnia; fatty acids; food web; freshwater;
stable isotopes.

Heather Mariash, University of Jyviskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

1.1 Functioning of aquatic ecosystems

An ecosystem includes all physical and living components within a system
(Lindeman 1942). Lakes provide useful ecosystem models because of their
relatively discrete basin boundaries. The living components within lakes are
governed by a variety of physical components, from temperature to
topography. The prevalence of physical factors such as light, altitude, area
geology, water mixing regime, temperature, evaporation etc. can influence
biological processes, like rate of photosynthesis, species composition,
respiration rates, and the organic-inorganic nutritive cycle. Collectively these
biological processes are used to describe how aquatic ecosystems function.

A particular aspect of ecosystem function describes how energy is
transferred through the food web, from autotrophs at the base of the food web
that mobilize their own energy, through to top consumers who gain their
energy through other heterotrophs. The different pathways by which energy
moves within the system is the basis of trophic dynamics (Lindeman 1942,
Karlsson 2005). Carbon, the basic element from which all organic matter is
made, is commonly used to track the flow of energy through the ecosystem.
Using carbon enables a quantifiable unit to compare energy transfer among
ecosystem components, along both temporal and spatial scales.

According to the carbon budget of a typical shallow arctic lake, the main
sources of carbon are from the benthic community (50 %), terrestrial carbon (30
%), and phytoplankton (20 %)(Ramlal 1994). These three sources represent the
primary basal carbon pool available to secondary production, such as
heterotrophic bacteria, protists and larger zooplankton (Hessen & Tranvik 1988,
Hessen 1992, Pace et al. 2007, Solomon et al. 2011)(Fig. 1).

Phytoplankton carbon is mobilised via photosynthesis and includes both
living cells and degraded planktonic organisms. Phytoplankton-derived
dissolved organic carbon (p-DOC) is regarded as the foundation for pelagic
secondary production (Wetzel 2001). Zooplankton may gain p-DOC by feeding
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directly on phytoplankton or by feeding on bacteria that have utilised
phytoplankton production (Fig. 1). Alternatively, zooplankton production may
be derived from terrestrial carbon (t-DOC) either by direct feeding on detrital
particles or via bacterial-mediated uptake of t-DOC (Karlsson et al. 2003).
Terrestrial carbon is residual carbon that is mostly recalcitrant and thus less
efficiently used by bacteria and zooplankton than the much more labile carbon
derived from phytoplankton (Wetzel 1995). Further, t-DOC lacks the essential
fatty acids required by zooplankton (Brett et al. 2009a), and is poor in
phosphorus and nitrogen (Hessen 1992). Therefore the material recycled
through microbial pathways, such as bacteria, is an important link converting t-
DOC into a particulate form available to zooplankton (Wetzel 1995, Jansson et
al. 2007, Taipale 2007).

The third source of carbon can be either heterotrophic or autotrophic
mobilized carbon derived from the benthic production (Fig. 1). The same
bacterial-mediated pathway of t-DOC and p-DOC as described above, is also
relevant for the communities at the sediment surface boundary layer. As the
benthic communities represent a spatially and functionally different carbon
source for pelagic consumers, the extent and relative importance of benthic-
derived carbon promoting pelagic secondary production is important for our
understanding of lake trophic dynamics.

A complete understanding of the carbon inputs into a lake is highly
dependent on all seasons. These annual physical characteristics intimately
connect lakes and their landscapes. Seasonal conditions such as ice cover can
affect within-lake processes as well as the external surroundings. Lake ice cover
has a significant role in energy and water-balance and directs local climate
factors, for example surface air temperatures, precipitation, evaporation, and
low-level cloud cover (Prowse et al. 2012). The duration of ice cover determines
the length of the open-water growing season, while the changes in ice
composition can alter absorption characteristics limiting the rate of primary
production (Walsh et al. 2005). The hydrology associated with spring melt
transports much of the t-DOC into lakes. As such the annual ice cover period is
a critical denominator underlying lake metabolism; ice cover sets the light
environment, the timing of carbon inputs, and the subsequent phytoplankton
and zooplankton emergence in the lake. It is these seasonal changes in physical
and biological process that control the functioning of aquatic ecosystems.

This study focuses on seasonal variation that encompasses many
coalescent environmental factors on the annual scale. The annual scale is the
only ecologically meaningful scale to investigate food web dynamics and has
the advantage of being globally consistent (Wetzel 1995). By taking a broad
geographical range and monitoring several “typical” water bodies across
latitude, altitude, catchment areas, lake size and depth, and among all seasons,
this thesis provides a broader knowledge of northern freshwater ecosystem
functioning.
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FIGURE1 Schematic representation of available sources of carbon and potential trophic
pathways in aquatic ecosystems (M. Rautio, unpublished).

1.2 High-latitude aquatic ecosystems

Whether it is strictly above the Arctic Circle (66° 3" N), or above the permafrost
zone, or tree line, there are various ways to delineate the arctic. Depending on
the definition, the arctic may encompasses a gradient of characteristics that
include the tundra, subarctic, and high arctic biomes. These biomes provide a
more relevant classification based on the biotic characteristics that govern the
ecosystems within their boundaries. These boundaries are a gradient of
tapering vegetation northward, replaced by increased snow and ice cover.
Throughout the northern range, inland waters are seemingly boundless. From
dilute surface melt ponds, thermokarst wetlands, to large deep lakes, or epishelf
ice lakes, freshwater habitats remain a ubiquitous part of the northern
landscape. Arctic and subarctic lakes are typically oligotrophic or
ultraoligtrophic clearwater lakes with low conductivity, alkalinity, nutrient and
dissolved organic carbon (DOC) concentrations and circumneutral pH (Rautio
et al. 2011a).

High-latitude lakes exhibit some of the largest seasonal variation in
environmental conditions of aquatic systems globally. Large fluctuations in
temperature and light mainly regulate the ecosystem. Small water bodies can
have broad range of temperatures during the summer season (5-15 °C), while
larger waters have consistently cool summer and winter temperatures, average
+sd. 6 £4 °C and 0.8 £ 0.3 °C respectively. The annual light regime is
contrasted between the 24 h of daylight during summer, to the darkness of the
polar winter. The light constraints during winter are further compounded by
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the months of ice and snow cover. Freeze-up dates can vary by as much as 2
months between small and large lakes in the same region; however, size has no
similar effect on ice break up dates, which may only vary by about 2 weeks
(Prowse et al. 2012). Many ponds freeze solid during winter and may dry out
during the short summer period.

The acute seasonality between the extended dark winters and short cold
summers governs the temporal variability of aquatic productivity (Karlsson &
Sawastrom 2009). Primary productivity is enhanced in ponds compared to
lakes, since ponds can heat congruently with air temperature and are constantly
circulated with the benthic nutrient flux and catchment carbon inputs (Rautio et
al. 2011a). For lakes, the deeper water column provides proportionally higher
dominance from planktonic processes, and the greater light attenuation with
depth further inhibits benthic production in lakes. Benthic primary production
is especially important in shallow, clear ponds where a combination of
restricted depth, high light, and low concentrations of DOC allows for high
production of benthic material (Vadeboncoeur et al. 2003, 2008a, Rautio &
Vincent 2006, Karlsson & Sawastrom 2009). The relative importance of benthic
productivity compared to pelagic is a distinctive characteristic of high-latitude
pond functioning (Rautio et al. 2011a).

Similar seasonal stressors as outlined for primary production also constrain
secondary production. Short summers and cold temperatures limit the
reproduction, dispersal, and species diversity of consumers in northern waters,
many of which are fishless, making metazoan zooplankton the top consumer
within the food web (Rautio et al. 2011b). Specific adaptations used by
zooplankton to survive in the ephemeral waters or months under the ice are
largely dependent on the dormant stages of their life cycles. Classically,
cladocerans in these water bodies were thought to be restricted to diapausing
species whose adults make ephippia, resting eggs that sit in the sediments
during winter (Larsson & Wathne 2006). However, a growing body of evidence
shows high densities of zooplankton, including both cladocerans and copepods,
remaining active under the ice (Rautio 2000, Karlsson & Sawstrom 2009).
During the active life stages, zooplankton must acquire their energy for growth
and reproduction within the seasonal limitations. However there is an
imbalance between primary production to summer zooplankton production
(Sierszen et al. 2003, Cazzanelli et al. 2011) which forces zooplankton to
supplement their diet with alternative forms of carbon, such as from the
biomass-rich benthos (Rautio & Vincent 2007) or from t-DOC (Karlsson et al.
2002).
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1.3 Sources of carbon

1.3.1 Phytoplankton and primary productivity

Phytoplankton relies on light, nutrients, temperature, and carbon for its
production (Wetzel 2001, Forsstrom et al. 2005a). These physical and chemical
factors and their associated seasonal changes are linked to the considerable
annual fluctuations in phytoplankton production, biomass, and composition
(Forsstrom 2006). Typical of polar ecosystems, low temperatures together with
low nutrient availability and a short growing season mean that primary
productivity is usually low and food webs consist of relatively small numbers
of species arranged along few trophic levels (Rautio et al. 2011a). Flagellates,
including Chrysophyta, Cryptophyta, and Dinophyta are typical phytoplankton
(Laybourn-Parry & Marshall 2003, Forsstrom et al. 2005b, Bonilla et al. 2009).

The classic paradigm of freshwater ecosystems 1is centered on
phytoplankton being the primary base of the food web (Wetzel 2001). This is
mainly attributed to phytoplankton being the best quality and most easily
accessed food source for the pelagic filter-feeding consumers (DeMott & Tessier
2002). Another index of quality is the presence of polyunsaturated fatty acids
(PUFA) in all phytoplankton. The PUFA that cannot be synthesized within
zooplankton are termed essential FA (Brett 1997). The essential phytoplankton-
derived lipids not only enhance growth and reproduction, but are also
selectively metabolised by zooplankton (Brett et al. 2009).

The seasonal differences in irradiance, ice cover, and DOC inputs govern
primary production rates at high latitudes. In spring, with increased light
intensity, long periods of daylight and excess nutrients after winter
mineralization, phytoplankton can develop already under ice, a common
feature in both arctic and alpine lakes (Pugnetti et al. 1999, Forsstrom et al.
2007). These pulses of primary production are essential to replenishing the
higher trophic levels with energy and nutrition after winter. The timing of
phytoplankton, ephippia emergence, and parthenogenetic young from the
overwintering population is critical for population growth and survival. The
coupling of phytoplankton-zooplankton dynamics has implications to
community structure and life history strategies (de Senerpont Domis et al.
2007).

1.3.2 Alternative carbon sources

When phytoplankton productivity is low, there is a need for consumers to use
alternative food sources. Alternative carbon sources for zooplankton may
include benthic algae and associated heterotrophic organisms, and/or
terrestrial organic matter made available via microbial-mediated pathways
(Matthews & Mazumder 2006, Taipale et al. 2008). Benthic- derived carbon is a
product of benthic primary production, decomposition of detritus, and
sedimentation of pelagic organic matter accumulating at the sediment-surface
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boundary. The resulting microbial biofilm includes algae, bacteria, protists, and
associated nutrients that are constantly in flux between the sediment and over-
laying water. This circulation of nutrients and slow decomposition rates from
cold temperatures are the main factors determining benthic biomass (Hansson
1992). Even in temperate ponds with higher light attenuation, benthic
productivity and biomass can be important for higher trophic levels (Vander
Zanden & Vadeboncoeur 2002). While light is the limiting factor for benthic
production in temperate ponds, oligotrophic waters are nutrient limited
(Hansson 1992). The transfer of benthic-derived primary production into lake
food web models is especially important in shallow, clear lakes where a
combination of restricted depth, higher nutrient loads, low concentrations of
DOC, and high light allows for high production of benthic material
(Vadeboncoeur et al. 2003, Rautio & Vincent 2006, Ask et al. 2009). Catchment
characteristics like vegetation type and coverage, soil stability, and drainage of
spring thaw have important consequences for the timing, type, and form of t-
DOC entering the water (Schindler & Scheuerell 2002, Rautio et al. 2011a). Early
winter rains and late winter snowmelt are the two seasonal peaks transporting
t-DOC into the lakes. These pulses of carbon help to stimulate production,
especially as t-DOC is a main source of carbon for bacteria (Hessen 1992, Cole et
al. 2006). Depending on lake size and water residence times, t-DOC can also
have counter effect supressing primary production due its absorption qualities
that inhibit light. The strong seasonal variations in the quantity and quality of
the carbon sources (Hessen 1992) and that lake trophic status and food chain
structure can affect the relative contributions of p-DOC and t-DOC sustaining
secondary production (Karlsson et al. 2003).

Over the past two decades, aquatic food web research has had active
discourse on alternative carbon sources infiltrating the phytoplankton-based
trophic structure. Advances in methodology have fuelled the autocthonous
versus allochthonous carbon debate. From natural abundance 6'3C (Jones et al.
1992), to isotope enrichment experiments (Carpenter et al. 2005, Pace et al. 2007,
Taipale et al. 2008), to the inclusion of fatty acid analysis (Brett et al. 2009) and
hydrogen stable isotope (8D) (Doucett et al. 2007, Solomon et al. 2011), every
new approach has furthered our understanding of the complexity and
variability of aquatic ecosystem functioning. The pathways by which benthic
and terrestrial carbon contribute to consumer growth and reproduction have
important implications for food web theory regarding cross-habitat linkages
stabilizing or destabilizing trophic dynamics (Polis et al. 1997, Schindler &
Scheuerell 2002, Vadeboncoeur et al. 2002). Considering the large fluctuation
and rapid oscillation of primary productivity, the large pool of slowing
degrading carbon in the benthos and of terrestrial origin can provide ecosystem
stability (Polis et al. 1997, Schindler & Scheuerell 2002, Vadeboncoeur et al.
2002). Moreover, the trophic interactions between habitat compartments
provide a mechanism for how habitat coupling and resource subsidies can
stabilize food webs (Marcarelli et al. 2011).
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1.4 Tracking carbon

Being able to track the sources of carbon through the ecosystem is an essential
component of food web ecology. Food web ecology is based on identifying
particular basal food sources, then tracing how the sources move through the
food chain. A classical method to track trophic transfer, the sequential
movement of matter through the food web, is by using stable isotopes. Isotopes
are the different forms of an element based on atomic weight. For example,
carbon is an ecologically relevant isotope; the ratio between heavy 13C and light
12C isotope gives a particular signature that can be traced through the food web.
The consumer isotope signature is the outcome of a mixture of the diet source
signatures and its own metabolic discrimination between the heavy and light
isotopes, with the latter referred to as fractionation.

Fatty acid analysis has become a contemporary alternative to discern
trophic transfer. It is not a replacement, but rather a complement to stable
isotopes analysis. Both analyses use carbon as the basic element to measure
food web interactions, but are methodologically distinct. Because fatty acids are
an integrated part of an organism’s biochemistry, fatty acid analysis can
quantify the nutritional value of diet sources to consumers.

Fatty acids (FA) have important physiological roles within an organism,
from enzyme activity, to basic cell structure, to energy storage and
reproduction. Fatty acids are named by their structure, in terms of the number
of carbons within the fatty acid chain and the number and position of carbon
double bonds. Certain fatty acids are termed essential, because the organism
lacks the biosynthetic pathways to make them internally. These FA must be
obtained from external sources. For zooplankton, the essential FA, mainly the
polyunsaturated fatty acids (PUFA) must be gained from the diet (Marcarelli et
al. 2011). PUFA are physiologically important to the cell fluidity, reproduction,
and commonly found in all algal groups (Desvilettes et al. 1997, Brett et al.
2009a, Taipale et al. 2011). The analysis of fatty acids considers both the
composition and concentrations of consumer fatty acids to track diet sources.
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1.5 Thesis objectives

This thesis consists of four papers that focus on the seasonal changes in carbon
sources and the consequences these changes have for zooplankton in high
latitude freshwater ecosystems.

The main objectives of this thesis can be characterized as follows:

1. To evaluate the carbon sources and the subsequent seasonality of food
availability. (II, IV)

2. To identify seasonal feeding strategies of zooplankton and, using stable
isotopes and fatty acids, to evaluate the trophic transfer of available
carbon to zooplankton . (I, II, IIT)

3. To identify the physiological adaptations used by zooplankton to cope in
extreme environmental conditions. (IIL, IV)

The seasonal fluctuations in the p-DOC and t-DOC resource pools and their
relative contributions to zooplankton diets throughout the year were
investigated in Saanajdrvi, Finland, using stable isotope analysis (SIA) (II). The
ecological importance of benthic-derived material to pond food webs was
studied for a series of ponds in Kilpisjarvi, Finland and in Kangerlussuagq,
Greenland. A summer field study was conducted to evaluate the dietary role of
pelagic and benthic food sources for zooplankton in a set of subarctic ponds
using SIA and FA (I). Next, an experiment approach was used to address the
questions of accessibility and the nutritional quality of benthic mats for
zooplankton (III). The nutritional contribution of benthic mats was quantified to
the whole-lake fatty acid resource pool (Ill). By investigating zooplankton
during winter, we compared the different life history strategies that
zooplankton have evolved to cope with food limitation, months of ice cover,
and non-phytoplankton based food sources (IV). Comparing the composition of
storage lipids between the two overwintering strategies gives insight into the
physiological requirements of zooplankton and may indicate how the selective
retention of specific FA can regulate feeding and life history strategies.

Northern freshwater ecosystems provide a model for themes fundamental
to limnology. Specifically, the structurally simple food web in arctic lakes
provides an opportunity to tease apart the complex interactions between
ecosystem components. This thesis addresses three fundamental themes:
landscape-lake interactions, food web dynamics, and adaptations in extreme
environments; thereby this thesis is relevant not only to polar science but
provides fresh insight into basic limnological questions.



2 METHODS

2.1 Study sites

This thesis is largely based on samples collected from a series of lakes and
ponds in the Kilpisjdrvi region in northwest Finland, but additional secondary
sites are included (Fig. 2).

FIGURE 2 Geographical locations of study sites by region, from left to right: Lac
Simoncouche, Québec; Kangerlussuaq, Greenland; Kilpisjarvi, Finland;
Lunz am See, Austria.

The Kilpisjarvi region is situated at 69° N within the Scandinavian mountain
chain. This area is classified as subarctic, as it is above at the tundra-forest
boundary but just shy of the 10 °C isotherm, with an average July temperature
of 11 °C. The Kilpisjarvi ponds presented in I and III represent the spectrum of
pond characteristics in the area (Fig. 3a). Four of the ten ponds are below the
treeline (Betula pubescens (Ehrh)), and have a characteristic brown colour due to
higher levels of dissolved organic carbon (DOC). The ponds above the tree line
have catchment vegetation dominated by low dwarf shrubs, mosses, grasses,
and sedges; in consequence these ponds are clear with very low concentrations
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of DOC. All ponds were sampled in the summers of 2008 and 2010. Malla South
was the only pond to be sampled in the winter, as the other ponds freeze solid
or were inaccessible. Additional samples for III were obtained during a study of
nine ponds near Kangerlussuaq, Greenland, during summer 2010 (Fig. 2).

Lake Saanajdrvi, as presented in Papers II and 1V, is an oligotrophic clear-
water lake (0.7 km2 max depth of 26 m), having a small catchment (4.6 km?)
located all above the tree line. The lake is ice covered for eight months of the
year, from October through till June. Samples were collected between
November 2007 and February 2011 from the deepest part of the North basin
(Fig. 3b).

High: 26 m

Lox:0.m

! Arctic Circle _

Rovaniemi  (
L

FIGURE 3 Map of Kilpisjarvi study sites (A) and a bathymetric map of Saanajérvi,
Finland (B). Sannajdrvi map is based on echo sounded depth measurements
(m), which were interpolated by kriging method (Annina Kiilunen & Tarmo
Virtanen, unpublished data). Stars represent several ponds in the area,
Saanajdrvi is under the lowermost star.

A variety of environmental variables were determined, which were used to
describe the physical and chemical characteristics of the water bodies. The basic
limnological data for the Kilpisjarvi ponds, Kangerlussuaq ponds, and
Saanajarvi lake during the open water and ice cover periods are summarized in
Table 1.
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TABLE 1 Basic limnological characteristics of the study ponds in the Kilpisjarvi and
Kangerlussuaq regions, and the seasonal variation for lake Saanajarvi. Header
legend: max.z= max depth, Chl.pel= pelagic chlorphyll-a, chl.ben= benthic
chlorohyll-a, DIC= dissolved inorganic carbon, DOC= dissolved organic
carbon, kapar= vertical light attenuation)

Pond Paper  Season max.z Temp chl.pel chl.ben DIC DOC karar
location &
months n # m °C pg It mg m?2 mg 11 mg 11
Kilpisjarvi, Finland

Below treeline 4 LI summer 11104 120+23 13406 11.5+13 39+14 5719 1.0405
Above treeline 5 L1 summer 2.7 25 9.8 +2.6 0.6+03 56 £3.8 27419 2.5+0.9 0.4 0.2
Kangerlussuaq, Greenland

Above treeline 9 I summer 15205 149#17 05+01 47+58 9407 235#18 3.7+03
Saanajarvi, Finland

June- Oct 4 ILIV  summer 26.2 5.8 +4.0 06+02 4.6+31 27+04 21x01 03x0.02
Nov- May 4 I IV  winter 26.2 0.9 0.3 0.1+0.1 - - 1.7 +0.3 -

2.2 Sample collection and analysis

2.2.1 Field sampling

The on-site sampling procedure remained consistent for each sampling date
throughout the projects. In brief, water was collected at the deepest point in the
lake, integrating all depths of the water column, and was passed through a 50
um mesh sieve to remove zooplankton. The bulk water samples were either
retained, preserved, filtered, or fractionated depending on the analysis.
Zooplankton were collected by net hauls (50 um mesh) through the water
column where depth would permit, and then hand sorted to species under a
dissecting microscope. Horizontal sweeps using a 210 um hand net was used in
the shallow ponds to collect zooplankton. Physical and chemical characteristic
like depth, water temperature, pH, nutrients, snow and ice thickness were
recorded.

2.2.2 Analysis of water components

To analyse dissolved organic matter (DOM) water samples were filtered
through 0.2 um pore size, pre-rinsed, cellulose acetate filters. The filtrate was
used for determination of dissolved organic carbon (DOC) concentration and
for the optical properties. The optical properties of the DOM used a
spectrophotometer to determine the specific UV absorbance (SUVA) at 254 nm
wavelength in relation to DOC concentrations. Increasing SUVA can indicate a
greater contribution of terrestrial-derived DOM (Hood et al. 2003, 2005).
Chlorophyll a (Chl-a) was determined fluorometrically after filtering a
500 ml water sample on a fine glass fibre filter (GF/F). Phytoplankton
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identification and counts were from a 500 ml bulk water sample preserved with
Lugol’s iodine, allowed to settle in chambers before viewing with an inverted
microscope (II, III). Bacteria samples were prepared from water samples
preserved with formaldehyde, filtered onto black 0.2 um Nucleopore
membranes and stained with DAPI, a nucleic acid fluorocrome stain that allows
visible fluorescence of cells under a fluorescence microscope. Examination by
fluorescence microscopy allowed discrimination between bacteria and
autofluorescing picophytoplankton, and between larger heterotrophic
nanoflagelates (HNF) with DAPI fluorescence and autofluorescing
phytoplankton. The enumeration of these latter samples was from prepared 0.6
um pore size black polycarbonate membrane filters stained with DAPI and
mounted on slides with immersion oil. Phytoplankton, bacteria, picoplankton,
and HNF were components used to determine the autotrophic and
heterotrophic proportions of the plankton community in Saanajarvi (II).

Besides phytoplankton counts and Chlorophyll-a, another method to
determine the autotrophic contribution is to measure the photosynthetic rate of
autotrophs. Primary production represents the total basal autochthonous
carbon resource within the pond food webs. Both pelagic and benthic primary
production was determined from in situ incubations using the *C-bicarbonate
protocol (Rautio & Vincent 2006) (I). The radioactivity of samples was
determined with a liquid scintillation counter.

2.2.3 Stable Isotope Analysis (I, II)

Freeze dried seston filters, benthic pellets and lipid-extracted zooplankton
samples were analysed for 8°C and 6°N using a FlashEA 1112 elemental
analyser coupled to a Thermo Finnigan DELTAplus Advantage mass
spectrometer. Samples were weighed (seston filters 0.3-1.0 mg, benthic 0.5-1.0
mg , zooplanknton 0.7 mg) measured in triplicates, with replicate standards of
pike white muscle tissue (seston and zooplankton) and potato leaves (benthic
samples) used as internal working standards set repeatedly through every
analysis correcting for linearity and drift to ensure accuracy. Internal precision
for standard was usually < 0.3 %o for both C and N in each run.

2.24 Fatty Acid Analysis (I, III, IV)

All samples for fatty acid analysis were freeze dried and stored in -80 °C, and
weighed (seston filters 0.5-2.0 mg, benthic pellets 10-25 mg, zooplankton 0.8-8
mg) before analysis. The analysis is a three-step process. First lipids were
extracted using a chloroform-methanol wash and gravimetrically determined,
which permits quantitation of final fatty acid methyl esters (FAME). In the
second step, FAME were produced by methylating the extracted lipids using
toluene and sulphuric acid-methanol solution. Finally, these samples were
evaporated under nitrogen and solubilized in hexane. FAMEs (C14-C24) were
separated using a highly polar capillary column in a gas chromatograph with a
flame ionisation detector (TRACE GC_FID THERMO™). Fatty acid
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concentrations were calculated using calibration curves of known standard
concentrations. Quantifying the FAME concentrations using the actual carbon
weight rather than dry weight allowed for more accurate comparisons of food
sources, circumventing differences between lipid content and sample weight.

2.3 Daphnia feeding experiment (III)

In order to address benthic resource use and accessibility of zooplankton, a
series of feeding experiments was conducted. In all experiments Daphnia
longispina were fed low concentrations (0.25, 0.5, 1.0 mg C 1-1) of phytoplankton
from a culture of the green alga Scenedesmus oliquus. We specifically used low
concentrations of high quality Scenedesmus, to test for the threshold at which the
low quality food source, in this case benthic mats, would be used to subsidize
the diets. One treatment was fed only Scenedesmus, while the second treatment
had both Scenedesmus and benthic algae added. The experiments were done in
two parts, once using filtered lake water, intact benthic mats directly from the
pond and pond Daphnia. The second set of experiments used laboratory
cultured Daphnia in medium (AdaM), and benthic mats were added in a slurry
form, to represent the particle size effectively filtered by Daphnia. The first set of
experiments addressed the accessibility of benthic mats to Daphnia, while the
second experimental run focused on whether benthic mats could provide a
nutritional subsidy and hence improve survival if the mats were accessible.



3 RESULTS AND DISCUSSION

3.1 Seasonal variation in carbon sources (I, II)

There were distinct seasonal patterns in the availability of carbon sources in
Saanajdrvi (Fig. 4). During winter, bacteria and HNF dominated the particulate
organic carbon (Fig. 4c). With the first signs of spring the initial catchment
snowmelt brought the highest influx of terrestrial carbon into the lake,
according to the optical index SUVA (Fig. 4a). Due to light limitation under the
ice, Chl-a and autotrophic algal abundance were very low during winter, but
the increased irradiance during spring stimulated the photosynthetic
autotrophies (Fig. 4b). Shortly after ice off, this group made up a larger
proportion of POM than heterotrophs (Fig 4c). A similar trend was shown with
stable isotopes (Fig. 4e) in which §'3 C values became more negative when the
phytoplankton contribution to POM was highest (II).

The major summer contribution of p-DOC can come from either
phytoplankton or benthic algae. Despite the differences in specific algae
communities, both habitats provide the FA essential for zooplankton, albeit in
different quantities and forms. Based on primary production, phytoplankton
does not have sufficient production to sustain pelagic zooplankton in tundra
ponds (III). Pelagic productivity is roughly 8 mgC m-2 h-!, and comparative
benthic productivity is 50 mgC m=2h-! (Marcarelli et al. 2011). Benthic-derived
FAs contribute 75-97 % of the whole-lake FA standing stock. The results
showed that the benthic mats have the production potential both in quality and
quantity to support pond zooplankton in the summer.
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3.2 Trophic transfer of available carbon (I, II)

Bacteria, flagellates, and ciliates were likely supported by the allochthonous
DOM in winter and are intermediates in the transfer of terrestrial carbon to
larger zooplankton. Daphnia had higher 63 C values in winter and outputs from
mixing models indicated > 60 % of Daphnia diets is derived from allochthonous
carbon in winter. In contrast, neither copepod species showed any apparent
feeding during winter, with the carbon isotope signatures of both species
remaining constant during the 8 months of ice cover. Active grazing during the
long period of food scarcity would have increased the metabolic rate and
perhaps resulted in an unfavorable cost-benefit situation in grazing effort
versus gained energy. In light of our results, the cladocerans in Saanajarvi could
not have survived the 8 winter months under the ice if they had not been able to
utilize food sources driven by allochthonous carbon. Likely, when
autochthonous carbon is very low or absent, allochthonous carbon-fuelled
secondary food sources become critical for the survival of aquatic organisms.
Such microbial loop- mediated trophic transfer from allochthonous carbon to
higher consumers has been suggested to be the main channel that couples
terrestrial and aquatic carbon (Jones et al. 1992, Cole et al. 2000).

SIA was able to differentiate between benthic and pelagic carbon
sources. Benthic mats had a heavier carbon isotopic signal than seston (Fig. 5).
Zooplankton isotopic signals were consistently more depleted in 13C than either
bulk potential food resource, indicating preferential feeding on the isotopically
light, photosynthetic portion of the POM (Brett et al. 2009). Benthic mats could
also be fuelled by t-DOC; therefore grazers accessing the benthic mats could be
yet another way allochthonous carbon supports aquatic food webs and
infiltrates to higher trophic levels.
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FIGURE 5 Mean (+SE) carbon isotope values for seston, benthic mats, and
zooplankton taxa for ponds ordered by increasing altitude. Kilpisjarvi
ponds 5-10 are above the tree line.

3.3 Implications of benthic-pelagic coupling (I, III)

Along with this thesis on tundra ponds, several studies from temperate lakes
have also indicated that lake phytoplankton production is insufficient to
support aquatic food webs (Salonen et al. 1992, Pace et al. 2004, Christoffersen
et al. 2008). Grazers accessing benthic mats as an alternative to pelagic
phytoplankton could act as important habitat integrators, influencing both
abiotic and biotic communities and subsequent trophic cascades (Kankaala et al.
2006, Rautio & Vincent 2007). Often it is such movement of nutrient, detritus,
and consumers across habitats that controls community dynamics and the local
food web structure (Kankaala et al. 2006, Rautio & Vincent 2007). Based on
pond morphometry, which includes small surface area to volume ratio, the
shallow depth increases the potential for physical and chemical interactions
between the benthic and pelagic habitats (Vadeboncoeur et al. 2008b).

The accessibility of benthic habitats to pelagic grazers was
experimentally tested. First an experiment keeping the benthic mats intact was
used to test whether Daphnia can access this form of algae. In the second set of
experiments, the benthic mats were added as a suspended slurry, representing
the particle size that is accessible to Daphnia. Under conditions of food
limitation, it was experimentally observed that additions of benthic mats did
improve the survival, growth rate, and FA concentrations of Daphnia. However,
when benthic mats were left intact, Daphnia in benthic treatments had poor
survival. The different constituents of benthic mats, along with particle size,
could be factors contributing to the different results between experiments. In all
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experiments, benthic material alone did not prevent Daphnia mortality. Bacteria,
protists, seasonal changes in algal community, as well as the biofilm boundary
layer and associated nutrient-flux may all interact to contribute to the overall
trophic transfer of benthos to pelagic grazers.

From a survey of the Kilpisjarvi ponds, the results show that both
benthic and pelagic habitats have all essential dietary fatty acids, with no
significant changes in FA concentration during the summer (Fig. 6). The
quantity of zooplankton PUFA was higher than in either food source (Fig. 6).
Gladyshev et al. (2011) found that specifically PUFA had twice higher transfer
efficiency between phytoplankton and zooplankton. The consistent source of
PUFA in the benthic habitat and the efficient trophic transfer of these
compounds could buffer periods of low pelagic phytoplankton availability.
This form of benthic-pelagic coupling can promote ecosystem stability by
providing alternative energy pathways thereby dampening effects of ecosystem
oscillations (Vadeboncoeur et al. 2002, Marcarelli et al. 2011). Further
understanding of energy acquisition is needed for more accurate assessment of
subarctic food web structure and function. For example, consumer competitive
relationships and species composition are affected by resource quality,
particularly when the acquisition of nutritional requirements has consequences
for somatic growth and reproductive success of consumers (Sawstrom et al.
2009).
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FIGURE 6 Grouping all FAME concentrations into PUFA, MUFA, SAFA, from both
sampling periods (July and August, 2010) from benthic (Ben.), pelagic (Pel.)
habitats, and zooplankton. These values are an average of nine ponds #* SD.
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3.4 Mechanisms of zooplankton resilience (I, III, IV)

Organisms must evolve the ability to maintain their metabolic needs in harsh
environmental conditions for optimal success (Sdawstrom et al. 2009).
Specifically, this could include life history strategies or feeding strategies.

Feeding strategies include both selective feeding and/or metabolic
selection of acquired diet components. Selective feeding, the ability to choose
between diet sources, is an example of behavioural plasticity. The results have
demonstrated the ability of zooplankton to switch from phytoplankton to
benthic algae, or to t-DOC-supported heterotrophs when necessary. Consumers
can also metabolically select how the energy acquired is sequestered within the
soma (Smyntek et al. 2008, Miiller-Navarra 2008). The higher retention of PUFA
and -3 FA of Calanoids in ponds above the tree line compared to below,
provides field evidence of metabolic plasticity. Internal regulation of these
physiologically important FA with increasing altitude may indicate the
potential metabolic flexibility of zooplankton in times of low food availability.

In winter, the combination of food limitation and low temperature
together act to lower metabolism, thus increasing life span. The surviving
winter Daphnia have a distinct ecological advantage, as at high-latitudes active
Daphnia are better timed to take advantage of spring phytoplankton growth
than those hatching from ephippia. At lower latitudes, this advantage is lost
with longer summer open-water periods, as individuals from the diapausing
strategy have time to emerge and start reproducing within the season. Storing
lipids is another metabolic adaption by which zooplankton can mitigate
seasonal food shortages. Actively overwintering zooplankton have their highest
lipid concentrations at the beginning of ice cover, with these storage lipids
gradually decreasing throughout the winter months (Fig. 7). Our results show
preferential retention of unsaturated fatty acids, specifically EPA and SDA, in
Daphnia preparing to actively overwinter. The specific concentrations were for
active Daphnia, 399 * 213 pg DW I (average+ s.d., n=9), while Daphnia that use
diapause to overwinter have only 106 = 18 ug DW I1 (n=8). The diapause
strategy stores proportionally equal SAFA, MUFA, PUFA, (25, 32, 35 %
respectively). The lower concentrations of total lipids in diapausing Daphnia
could be due to channeling FA to ephippia production or catabolized for
metabolism.

Understanding zooplankton life histories and the associated changes in
trophic interactions as a consequence of ice cover can indicate the degree of
population plasticity in response to ongoing environmental change. Whether
through feeding strategies, behavioural or physiological, or by alternate life
histories, the mechanisms zooplankton use to adapt to environmental
conditions ultimately determines the diversity and structure of high-latitude
aquatic ecosystems (Rother et al. 2010).
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(A) Saanajirvi ice cover (B) Eudiaptomus graciloides (C) Daphnia umbra
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FIGURE 7 Changes in ice cover (A) and percent body fat, calculated from total fatty
acids, in Eudiaptomus graciloides (B)and Daphnia umbra (C) through winter in
Saanajérvi, a subarctic lake. Photographs: H. Mariash and M. Rautio.

3.5 Clarification

An inherent part of research is discovering a better way to approach a problem.
This was the case with the distinct, primary field material collected separately
in 2008 and in 2010. Both projects (I, III) address whether benthic mats can
provide a complementary food source to pelagic grazers, but the projects came
to different conclusions due to the differences in methodology. Paper I used
both stable isotopes and fatty acid analysis in tandem to evaluate the dietary
contribution of benthic and pelagic food sources. Conclusions from the results
suggest that phytoplankton remains the dominant diet source of pelagic
zooplankton; although, the caveats of the stable isotopes and fatty acids
methods were discussed (I).

Using community composition and distinct FA data collected in 2010, the
importance of benthic mats could more broadly be evaluated and compared
between habitats. Because of the inherent differences in sample collection and
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weight between seston and benthic mats, FA in 2010 were standardized to
carbon weight rather than dry weight. This was a more accurate way to
approach the fatty acid quantification and thus the importance of benthic
habitats was re-evaluated (III).

The change in methodology to analyze the 2008 and 2010 FA data
ultimately changed results and hence the conclusions between paper I and IIL
Despite these changes in conclusions, both studies provide valuable discussions
to address the benthic-pelagic coupling and zooplankton adaptations to
extreme environmental conditions. Mariash et al. (2011) considers how
zooplankton can balance their individual metabolic needs during times of food
limitation either by selective feeding (ie. whether zooplankton actively access
benthic resources), an example of behavioural plasticity, or by metabolic
retention of specific fatty acids, and example of metabolic selection of acquired
energy (Smyntek et al. 2008; Miiller-Navarra 2008). Paper III took selective
feeding further through experimentally evaluating accessibility and nutritional
benefit of benthic mats to growth and survival of Daphnia. In this way, I and III
provide new insight into the source and transfer of FA in pond food webs. The
mechanisms driving zooplankton acquisition and retention of FA has
implications to how zooplankton populations have evolved to adapt to
northern environmental conditions.



4 CONCLUSIONS

This thesis presents a thorough examination of trophic dynamics in high-
latitude freshwater ecosystems. Beginning at the base of the food web, the
proportional contribution of the putative components of the DOC pool was
estimated on an annual scale. The annual scale allowed for a more complete
understanding of the seasonal factors driving within lake productivity. The
rates of primary production were highly dependent on season and carbon
source. Next, the contributions of these sources (benthic, terrestrial, and pelagic)
were tracked through to zooplankton consumers. Using both stable isotopes
and fatty acids, zooplankton diet sources could be quantified.

Based on hydrology, t-DOC inputs are greatest in early and late winter,
and this is confirmed by the highest SUVA values at these times. For the
duration of winter, the water column was characterized by a high relative
contribution of t-DOC, as light limitation under the ice prohibits photosynthetic
production. The zooplankton community showed two different feeding
strategies associated with the changing basal carbon pool according to our
stable isotope values. Copepods seemed to manage on summer energy reserves
stored as fats, whereas cladocerans continued to feed on available heterotrophic
food items, which were terrestrial-derived in winter. All zooplankton
responded rapidly to summer p-DOC resources, as observed through changed
d13C values along with p-DOC carbon values. Based on the results t-DOC helps
fuel secondary production, and is particularly critical in winter for cladocerans.

Based on algal community composition, stable isotope ratios, and FA
composition, benthic- and pelagic-derived carbon are from ecologically distinct
communities and can be easily separated in analysis. It was experimentally
observed that under limiting food conditions, additions of benthic carbon
sources improved survival and increased the fatty acid concentrations of
Daphnia. The treatment with the longest survival was the benthic addition,
albeit benthic material alone was not enough to sustain the population.

Each season has it own set of stress factors that require consumers to
adapt rapidly to their changing environment, be it from winter ice cover, spring
wash out, or consumer competition in the summer. The ability of zooplankton
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to balance individual metabolic needs under environmental stress can be
attributed to both behavioural and physiological plasticity in carbon
mobilization. Specifically this can involve a pelagic consumer feeding on
benthic resources, an example of behavioural plasticity. Additionally,
consumers can metabolically select how the acquired energy is sequestered, as
shown with preferential retention of PUFA. The results show that the specific
retention of unsaturated storage lipids is one mechanism by which zooplankton
are resilient to the demanding conditions of arctic winters.

The results showed that overwintering zooplankton have their highest
lipid concentrations at the beginning of ice cover, with these storage lipids
gradually decreasing throughout the winter months. The active overwintering
Daphnia retained proportionally more EPA and SDA than the diapausing
Daphnia. The composition of storage lipids in the active winter Daphnia is a
direct physiological response to seasonal changes in food availability. The
combination of food limitation and low temperatures together act to lower
metabolism, thus increasing life span, giving the surviving winter Daphnia a
distinct advantage to access spring phytoplankton compared to individuals
hatching from ephippia. Understanding the changes in zooplankton life
histories and the associated trophic interactions as a consequence of seasonal
controls can indicate the degree of population plasticity in response to ongoing
environmental change.

By studying many of the physical and living components throughout the
year, this thesis has given new insight into the quantity, quality and utilization
of food resources by crustacean zooplankton and their life history strategies in
the harsh, northern environment. Ultimately the driving evolutionary force
leading to fitness success, selects for optimum dietary intake in order to
maximize individual growth and reproduction. The relationship between
evolved traits of species within their physical environment is a critical step to
understanding how ecosystems are structured and function. The simple food
web of the tundra ponds was a good opportunity to trace the effects of a few
potential food sources through to consumers. Both benthic and terrestrial
subsidies can affect the plankton community interactions, nutrient cycling, and
the stability of food webs (Schindler & Scheuerell 2002). Together the outcomes
from this thesis add to our understanding of lake ecosystem functioning, in
general.
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YHTEENVETO (RESUME IN FINNISH)

Vuodenaikainen vaihtelu subarktisen eldinplanktonin ravinnonkaytossa

Ymparistoolosuhteet vaihtelevat pohjoisissa jdrvissd vuodenaikaisesti enem-
mén kuin valtaosassa maailman muita jarvid. Pitkd pimed talvi ja lyhyt kylma
kesa vaikuttavat ravinnonsaatavuuteen ja elididen menestymiseen ja sitd kautta
maéadradvat koko pohjoisen vesiekosysteemin toimimisen ja rakenteen. Véitos-
kirjani tavoite on selvittdd, milld tavalla vuodenaikainen vaihtelevuus vapaan
veden, pohjan ja valuma-alueen hiilen saatavuudessa ravinnonldhteend vai-
kuttaa eldinplanktonin ravinnonkéyttoon subarktisissa vesissd. Olen selvittanyt
ennen kaikkia, miten eldinplankton selvidd arktisesta talvesta, jolloin perus-
tuotannosta ldhtoisin oleva hiilenldhde on minimissddn. Tarkeimpind menetel-
mind kdytin vakaita isotooppeja ja rasvahappoja. Niiden avulla pystyin
arvioimaan kunkin hiilen lihteen osuuden eldinplankton ravinnossa ja mit-
taamaan rasvavarastojen merkityksen keinona selvitd ravintokodyhistd ajan-
jaksoista.

Vuodenaikainen vaihtelu ravinnonldhteissd maardytyy talven pituuden ja
jadnldhdon mukaan. Bakteerit ja muut toisenvaraiset eliot ovat runsaita jaan
alla, kun taas keviilld vallitseva hiilenldhde on valuma-alueelta sulavesien
mukana tuleva hiili. Kasviplankton ja muut yhteyttdvit eliot ovat runsain
ravinnonldhde jarvissa kesilld. Tam& vuodenaikainen vaihtelevuus ravinnon-
ldhteissd heijastui tutkimieni eldinplanktonlajien vakaissa hiili-isotoopeissa.
Valuma-alueen hiilen kdytté ravinnonlihteend muun muassa vaihteli vuoden-
aikaisesti ja eri eldinplanktonlajien vililld. Samalla tavalla eldinplanktonin
rasvahappokoostumus noudatteli vuodenaikaisuutta ja oli erilainen eri lajien
kesken. Avovesikaudella kerdtyt rasvavarastot mahdollistivat eldinplanktonin
selviytymisen yli niukkaravintoisen talven. Kesilld pohjalevdt muodostivat 75-
97 % tunturilammikoiden eldinplanktonin rasvahapoista ja toimivat tarkednd
lisdand kasviplanktonpohjaiselle ravinnolle. Myos laboratorikokeet osoittivat,
ettd  pohjalevdat  lisdsivit  Daphnia-vesikirppujen  selviytymistd  ja
rasvahappomaaraa silloin kun kasviplanktonin méaéra oli rajoittava.

Tutkimukseni on tuonut lisédtietoa vesielididen kdyttdmistd sopeutumis-
mekanismeistd ympadristossd, jossa olosuhteet muuttuvat paljon vuoden-
aikaisesti. Vastaavat mekanismit saattavat aktivoitua myos isompien ymparis-
tomuutosten aiheuttamana, esimerkiksi ilmastonmuutoksen vaikutuksesta.
Viitostutkimukseni lisdad siten arvokasta tietoa pohjoisten vesiekosysteemien
sopeutumiskyvystd muuttuvassa ilmastossa.
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SUMMARY

1. Subarctic ponds are seasonal aquatic habitats subject to short summers but often have
surprisingly numerous planktonic consumers relative to phytoplankton productivity.
Because subarctic ponds have low pelagic productivity but a high biomass of benthic
algae, we hypothesised that benthic mats provide a complementary and important food
source for the zooplankton. To test this, we used a combination of fatty acid and stable
isotope analyses to evaluate the nutritional content of benthic and pelagic food and their
contributions to the diets of crustacean zooplankton in 10 Finnish subarctic ponds.

2. Benthic mats and seston differed significantly in total lipids, with seston (62.5 ug mg™")
having approximately eight times higher total lipid concentrations than benthic mats
(7.0 pug mg™"). Moreover, the two potential food sources differed in their lipid quality, with
benthic organic matter completely lacking some nutritionally important polyunsaturated
fatty acids (PUFA), most notably docosahexaenoic acid and arachidonic acid.

3. Zooplankton had higher PUFA concentrations (27-67 ug mg™") than either of the food
sources (mean benthic mats: 1.2 ug mg™'; mean seston: 9.9 ug mg™"), indicating that
zooplankton metabolically regulate their accumulation of PUFA. In addition, when each
pond was evaluated independently, the zooplankton was consistently more *C-depleted
(6 13C =20 to —33%,) than seston (-23 to —29%,) or benthic (15 to —279%,) food sources. In
three ponds, a subset of the zooplankton (Eudiaptomus graciloides, Bosmina sp., Daphnia sp.
and Branchinecta paludosa) showed evidence of feeding on both benthic and planktonic
resources, whereas in most (seven out of 10) ponds the zooplankton appeared to feed
primarily on plankton.

4. Our results indicate that pelagic primary production was consistently the principal food
resource of most metazoans. While benthic mats were highly productive, they did not
appear to be a major food source for zooplankton. The pond zooplankton, faced by strong
seasonal food limitation, acquires particular dietary elements selectively.

Keywords: benthic—pelagic coupling, fatty acids, food web, stable isotopes
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Brett, Miiller-Navarra & Persson, 2009). It has been
argued that the trophic transfer of benthic-derived
primary production is especially important in shal-
low, clear lakes where a combination of restricted
depth and low concentrations of dissolved organic
carbon (DOC) allows for high production of benthic
material (Vadeboncoeur et al., 2003, 2008; Rautio &
Vincent, 2006; Karlsson et al., 2009). Hence, it has been
widely suggested that benthic mats, defined here as
cohesive microbial layers of algae attached to the
substratum, may be important in sustaining high
summer zooplankton biomass in oligotrophic, high-
latitude ponds (Hobbie, 1980; Rautio & Vincent, 2006;
Karlsson et al., 2009). However, direct empirical evi-
dence for the consumption and retention of benthic
carbon by pond zooplankton is scarce.

The application of stable isotope analysis (SIA) to
food web ecology has improved our ability to identify
the resources used by secondary planktonic consum-
ers (e.g. Karlsson etal, 2003). A SIA approach
requires different food sources to have distinct isoto-
pic signatures. These signatures (e.g. 53C or 6'°N) can
then be traced through the food web because there is
limited isotopic fractionation of s%C signatures
between resources and consumers (Post, 2002); how-
ever, there is an enrichment of 5N signatures by c.
2-49,, with each trophic transfer (e.g. Post, 2002;
Matthews & Mazumder, 2008; and references therein).
This trophic enrichment allows consumers to be
placed sequentially into the food chain. In addition
to carbon, zooplankton require dietary omega-3 (®3)
and w6 polyunsaturated fatty acids (PUFA), which are
integral parts of their cell membranes, improving
somatic growth and helping maintain cell fluidity
(Pruitt, 1990). Cell fluidity and fast growth are
especially important in these high-latitude ponds
where short, cold summers prevail. Zooplankton
depend strongly on dietary lipids (e.g. Brett &
Miiller-Navarra, 1997) because, like other animals,
they lack A12 and A15 desaturases and therefore
cannot synthesise ®3 or w6 PUFA de novo (Cook &
McMaster, 2002). For this reason, zooplankton are
expected to retain dietary PUFA selectively (Kainz,
Arts & Mazumder, 2004; Hessen & Leu, 2006).
Because dietary sources, in particular algae from
different habitats, often exhibit distinct PUFA com-
positions, PUFA can be used as biomarkers for food
sources (Brett efal., 2006). Thus, fatty acid (FA)
analysis can be coupled with a stable isotope

approach to provide more detailed information on
lacustrine food web structure (e.g. Perga et al., 2006).

In high-latitude aquatic ecosystems, such as in
subarctic Finland, organisms must cope with a short,
ice-free growing season (July to September), low
temperature (4-15 °C) and oligotrophy. Each of these
environmental constraints increases with altitude,
especially above the tree line where terrestrial subsi-
dies are slight. Short summers and high zooplankton
population densities imply intense competition for
resources during the ice-free months (Van Geest et al.,
2007). The primary food source for zooplankton is
pelagic algae but, by late summer, zooplankton
communities have often exhausted these pelagic
sources (Hessen & Leu, 2006). Consumers can cope
with environmental constraints and competition
either behaviourally by seeking alternative, lower-
quality food resources or physiologically by seques-
ering higher-quality nutrient constituents, like PUFA.
High primary benthic productivity in high-latitude
ponds is known to make a significant contribution to
whole-lake autochthonous production (Vadeboncoeur
et al., 2003, 2008) and could serve as a dietary
complement to resource-limited zooplankton commu-
nities during late summer (Hansson & Tranvik, 2003;
Rautio & Vincent, 2006; Karlsson et al., 2009).

We designed a field study to evaluate the dietary
role of pelagic and benthic food sources for zooplank-
ton in oligotrophic, high-latitude ponds. We sampled
three fractions of the seston, benthic mats and
zooplankton in 10 subarctic ponds in northern Finland
and analysed food availability and the biochemical
quality of pelagic and benthic primary producers. In
addition, we examined the relationship between these
resources and the lipid composition of the five most
prevalent metazoan groups in late summer. Previous
experimental studies have shown that zooplankton
can access benthic resources (Rautio & Vincent, 2006);
however, no previous studies have quantified the
quality of benthic mats as food. To our knowledge,
this is the first field study to assess the dietary
relevance of benthic mats to pond zooplankton. We
hypothesised that zooplankton obtain part of their
somatic needs from the benthic primary production
and tested this using a combination of stable isotope
and FA analyses. In addition, we hypothesised that, to
compensate for the shorter growing season and lower
temperatures at higher altitude, the standing stock of
both food sources would have higher quality (in terms

© 2011 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/§.1365-2427.2011.02625.x



of PUFA), which would be reflected in the primary
consumers.

Methods

Samples were taken during August 2008 from 10
ponds in north-western Finland (69°04'N, 22°45'E).
The study area is located within the Scandinavian
mountain chain situated in the subarctic region,
typically having only three to four ice-free months
with a mean summer (June-August) air temperature
of 9 °C. A characteristic feature of the area is the tree
line of birch (Betula pubescens (Ehrh) subsp czerepanovii
(Orlova), Hamet-Ahti) that approximately follows the
600-m contour. Of the 10 ponds sampled, four were
below the tree line and six were above (Table 1).
Temperature, conductivity and pH were measured
from the upper metre of water in the centre of each
pond once (YSI 63 meter; Yellow Springs Instruments,
Yellow Springs, OH, U.S.A.). Water temperature was
closely related to daily air temperature; only the deep
7-m pond was stratified (Lampo, pond 8). Water
samples for DOC were filtered using 0.2-um pore size
cellulose acetate filter and analysed on a Shimadzu
TOC-Vcph at the North Ostrobothnia Regional Envi-
ronmental Centre, Finland.

Seston and benthic potential food sources were
gathered from each pond. Bulk water samples (5-10 L)
from the upper metre in the middle of the pond were
strained through a 50-um mesh to remove zooplank-
ton while retaining the potentially edible particles
(Kainz et al., 2009). Seston was then isolated on pre-
weighed, pre-combusted (400 °C for 2 h) glass fibre
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filters (Whatman GE/F, 0.7-um pore size), from c.
3-5L, depending on the particulate organic matter
(POM) content of the pond. To have two additional
fractions of the available resources within the POM, an
additional 3-18 L of pond water was passed through a
tangential flow filtration device (Millipore Pellicon 2
cassette filter; Millipore, Billerica, MA, U.S.A.); 1 L of
the permeate (<0.2 um) was retained while the back-
wash was a concentrated sample of the original
volume that did not pass through the filter (0.2-
0.7 um). The latter contained the bacterial fraction
while the former was the DOC fraction of the seston;
both were later freeze-dried and analysed for FA.
Benthic cores were taken using a cylinder (diameter
5 cm and length 40 cm) that was hand-pushed into the
sediment and closed with airtight caps at both ends
before lifting the undisturbed sediment core from the
pond. The cores were taken from three locations
around the perimeter (20-60 cm depth) and at the
centre of the ponds depending on the distribution of
rock (epilithic) and sediment (epipelic) algae. The
surface layer of each core was carefully sub-sampled
using an 8-mm-diameter cut-off syringe (thickness
1 mm) to attain an undisturbed pellet of algae from the
sediment-water interface. When epilithic algae were
present, algae were scraped off from a fixed area (1-
0.5 cm?) using a scalpel from rocks found along the
pond’s perimeter. Both sample types were pooled in
the data analysis to represent a single benthic source.

To assess general biomass and productivity of
seston and benthic algae, we measured chlorophyll-a
(chl-a) and the rate of photosynthesis. For seston chl-a,
each water sample (0.5-1 L) was filtered onto a GF/F

Table 1 Physical and chemical characteristics of the study ponds located below and above the tree line. Numbers in parenthesis refer

to pond coding in Rautio (2001)

Conductivity ~ Dissolved organic
Pond no  Altitude (m)  Depth (m)  Area (m?  Temp (°C) pH (uscm™) carbon (mg L™

Below tree line

Masi (4) 1 500 13 118 8.9 7.2 35.1 29

Boat (3) 2 500 15 471 12.5 6.9 16.9 7.3

Big rock 3 527 0.5 47 15.2 4.9 21.0 6.0

Happy 4 531 1.0 471 11.6 6.8 20.1 6.4
Above tree line

North Malla 5 545 3.0 11775 111 7.6 22.7 3.2

South Malla 6 599 25 7850 12.1 7.8 21.7 2.5

Reindeer (11) 7 710 15 1178 9.7 8.1 222 3.4

Lampo (15) 8 858 7.5 79 11.7 7.0 3.8 17

Tuono (14) 9 873 1.0 550 94 6.5 42 2.8

Straca 10 1000 0.5 47 4.9 7.1 9.2 12

© 2011 Blackwell Publishing Ltd, Freshwater Biology, doi:10.1111/§.1365-2427.2011.02625.x
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filter and stored at -80 °C. For the analysis, the
thawed sample was solubilised in 5mL of 90%
ethanol, placed in a water bath (75 °C, 5 mins), cooled
and then analysed using spectrofluorometry (Yentsch
& Menzel, 1963). For benthic chl-a, triplicates of
benthic particles were freeze-dried prior to analysis
to enhance extraction (Hansson, 1988) and were then
analysed by spectrophotometry (Nusch, 1980). To
estimate the algal proportion from the bulk seston and
benthic mats from each site, we converted the chl-a
concentration with a C/chl-a value of 40 : 1, a value
obtained from a late summer phytoplankton commu-
nity survey of Lake Saanajarvi in the vicinity of the
sampled ponds (Rautio, Mariash & Forsstom, 2011).
The carbon values were divided by the concentration
of particulate organic carbon (POC) to obtain the
proportional algal contribution.

Primary productivity was measured in situ using
the '“C-bicarbonate protocol described by Rautio &
Vincent (2006). Triplicates of pre-filtered (<50 pm)
pond water (20 mL) were spiked with 14C-bicarbonate
(specific activity 80 uC mL™") and were incubated
using five different light levels (0, 6, 25, 60 and 100%
of total solar radiation) to obtain an estimate of the
potential maximum pelagic photosynthetic rate (Ppax)
of the community. Owing to their heterogeneity,
benthic algae were analysed for five replicates but
for only three light levels (0, 25 and 100%) that were
used to calculate the maximum productivity of the
community (Pp,y). Filtered (<0.7 um) pond water
(20 mL) was used to suspend the benthic pellets.
Each measurement included two dark bottles for both
seston and benthic particles. Incubations were con-
ducted outside under natural light in a 10 °C lake
water bath for 2 h and were terminated by filtering
the sample onto GF/F filters and freezing. Radioac-
tivity was later determined with a liquid scintillation
counter (RackBeta; LKB Wallac, Turku, Finland).
Dissolved inorganic carbon titrations with 0.02 N
NH,S04 were made to determine carbon availability
for photosynthesis in each pond.

Samples of seston and benthic organic matter were
prepared for C and N stable isotope analyses to
identify trophic links between zooplankton and dif-
ferent potential dietary sources. To estimate food
quality, we quantified FA from both resource pools by
taking the dry mass (DM) of benthic pellets and from
the difference of seston filters to determine the fatty
acid methyl ester (FAME) concentration (ug mg™'

DM). In all localities, six replicates of each resource
were taken, seston and benthic food sources were
collected in the same way as described earlier, and
then freeze-dried, of which three samples were stored
at =20 °C for SIA and the remaining three were stored
at =80 °C for FA analysis.

Zooplankton were collected using a 210-um mesh
hand net, sweeping the majority of the pond area. In
addition, vertical tows (50-um mesh net) were
included for ponds more than 2 m deep and were
later sieved through a 250-um mesh to retain only the
adults. Samples were stored in bottles, half of which
were shock-frozen on dry ice in the field to minimise
the change in FA composition. The other zooplankton
were kept alive and stored at 4 °C overnight to allow
for gut evacuation. The most abundant species (cope-
pods: Eudiaptomus graciloides Lilljeborg 1888, cladoc-
erans: Bosmina sp., Daphnia sp.; anostracans:
Polyartemia forcipata Fischer 1851, Branchinecta paludosa
Miiller 1788) were then sorted, counted and compiled
into three replicate Eppendorf tubes and kept in the
freezer until SIA. Similarly, from the shock-frozen
zooplankton, the most abundant species were hand-
sorted and retained in triplicates for FA analysis. The
number of individuals per replicate varied depending
on size and taxon: Anostraca (three-15 individuals),
Daphnia (20-100), Eudiaptomus (60-100) and Bosmina
(200-500), aiming for a total DM > 0.5 mg.

Zooplankton have a greater lipid content than their
food. If not corrected for, these lipids further deplete
consumer 6'°C values (Syvdranta & Rautio, 2010).
Lipids were therefore removed from the zooplankton
before SIA using a 1-mL wash of chloroform/metha-
nol (2 : 1 v/v), slowly shaken overnight before remov-
ing the lipids. The remaining lipid-extracted
zooplankton samples were set to dry before being
weighed.

Dried seston filters, benthic pellets and zooplankton
samples were analysed for 4'°C and 6"°N signatures
using a FlashEA 1112 elemental analyser (Thermo
Fisher Scientific Corporation, Waltham, MA, U.S.A.)
coupled to a Thermo Finnigan DELTAplus Advantage
mass spectrometer. Pike (Esox lucius, L.) white muscle
tissue and potato leaves (Solanum tuberosum, L.) were
used as internal working standards for zooplankton
and for seston and benthic mats, respectively. Stan-
dards were inserted in each run after every five
samples. Stable isotope ratios are expressed as delta
values (8"°C or 0'°N) relative to the international
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standards for carbon (Vienna PeeDee belemnite) and
nitrogen (atmospheric nitrogen). Internal precision for
standards was usually <0.3%, for both C and N in each
run.

Lipids were analysed as described by Heissenber-
ger, Watzke & Kainz (2010). In brief, freeze-dried and
homogenised samples (0.5-1.5 mg) were extracted
using chloroform-methanol. Fatty acids (C14-C24)
were analysed as FAME after derivatisation using
toluene and H,SO,—methanol. FAME were identified
using a gas chromatograph with a flame ionisation
detector (TRACE GC-FID THERMO™), equipped
with a temperature-programmable injector and an
autosampler. A Supelco™ SP-2560 column (100 m,
25 mmi.d., 0.2 ym film thickness) was used for FAME
separation. Fatty acid concentrations were calculated
using calibration curves based on known standard
concentrations. For the quantified FA data, only
concentrations >0.5 ug mg’] DM were included.

Because earlier work has shown that ponds above
and below the tree line differ significantly in
their physicochemical characteristics and species
composition (Rautio, 2001), we grouped the ponds
into those lying above (1 = 6) and below (1 = 4) the
tree line to examine the effect of altitude on resource

quality.

Results

All of the ponds in this study fell within expected
ranges for oligotrophic, tundra alpine waters in terms

Food sources and lipid retention of zooplankton 5

of chl-a and DOC contents (Kalff, 2001). These ponds
also showed clear trends along the altitudinal gradi-
ent, with DOC (Table 1) decreasing linearly with
altitude (* = 0.53, d.f. = 9, P = 0.007) and conductiv-
ity values lower in the three highest ponds
(<10 uS ecm™, Table 1). In addition, benthic mats were
found mainly below the tree line, while higher-
altitude ponds had only thin epilithic algal cover.
No other physical parameters were directly related to
altitude or vegetation cover (Table 1).

Benthic mats had more chl-a and higher primary
production than seston in all ponds (Table 2). Chl-a in
benthic mats (0.7-41.8 mg m™®) was an order of
magnitude higher than in seston (0.3-2.8 mg m).
In five out of the 10 ponds, benthic mats contributed
>90% of the potential maximum primary production.
Benthic mats had similar proportions of algae com-
pared with the bulk seston (3.5 + 5% algal carbon
in benthos and 2.6 + 1% phytoplankton carbon in
seston).

Carbon transfer and consumer acquisition

Stable isotope analysis results revealed two distinct
food sources (Fig. 1). Mean 4'°C values of seston (-23
to —29%,) were significantly more depleted than those
of benthic mats (=15 to -279%,; P = 0.001, d.f. = 1). In
addition, benthic mats had lower 6'°N values than
seston for eight out of the 10 ponds (Fig. 1a). The
mean §'°N value of all pond benthic mats was 0.29,,
while seston §'°N values were, on average, 1.5 9.

Table 2 Chlorophyll-a (chl-a) concentrations (mg m~2) and primary production as Pp.x (mg C m~2 h7!) in the water column and in

benthic mats in 10 Finnish subarctic ponds

Chl-a Primary productivity (Ppmax)
Dissolved
inorganic carbon
Pond no Seston Benthic % Benthic Seston Benthic % Benthic mg Cm™
Below tree line
Masi 1 1.1 8.8 88.9 1.0 40.2 97.6 2900
Boat 2 2.8 41.8 93.7 87 7.8 47.4 7300
Big rock 3 0.9 1.8 67.1 37 6.4 63.6 6000
Happy 4 0.8 4.8 85.9 49 43.2 89.9 6400
Above tree line
North Malla 5 1.6 7.9 83.0 14 33.8 95.9 2500
South Malla 6 1.0 11.7 92.1 0.3 49.6 99.5 2500
Reindeer 7 12 8.8 88.4 - 33 - 3400
Lampo 8 2.3 2.8 54.8 - - - 1700
Tuono 9 1.0 37 78.6 0.2 11.6 98.4 2800
Straca 10 0.3 0.7 70.8 37 23 38.6 1200
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Fig. 1 Mean (SE) isotope values of (a) 3'°N and (b) 6"*C for
seston, benthic mats and zooplankton taxa for the ponds
ordered by increasing altitude (1-10). Ponds 5-10 are above the
tree line.

When each pond was evaluated independently,
zooplankton 6'3C values (-20 to —33%,) were consis-
tently more depleted than the respective seston values
(Fig. 1b). Only four out of 19 populations had a §"°C
value higher than that of seston. The 6"°C values of
Daphnia in pond 2 and E. graciloides and Bosmina in
pond 9 were intermediate between seston and benthic
values, suggesting consumption of both phytoplank-
ton and benthic algae. In all other ponds where
Daphnia (three ponds), Bosmina (four ponds) and E
graciloides (five ponds) were present, their §°C values
were lower than the respective seston value, indicat-
ing little to no consumption of benthic algae. Most
zooplankton had higher §'°N values than either

potential food source (Fig. 1a), with the exception of
Bosmina sp., which generally had lower §'°N values
than seston. The enrichment in the zooplankton §'°N
values was especially pronounced in E. graciloides,
which had a higher 6'°N value than both food sources
(by up to 4.9%, from benthic values).

Fatty acids and consumer retention

Analysis of the FA composition revealed distinct
differences in resource quality between benthic and
pelagic sources. Seston contained eight times more
total lipids than benthic mats per unit DM. PUFA were
consistently lower in benthic mats (1.2 + 0.7 ug mg™"
DM) than in seston (9.9 + 5.7 ug mg’l DM). Notably,
the PUFA docosahexaenoic acid (DHA; 22:603) and
arachidonic acid (ARA; 20:406) were entirely absent
from the benthic mats, while present in the seston of
each pond. From the smaller-size fractions of the
seston, the DOC and bacterial fraction contained no
PUFA or any o3 FA (Table 3). In the bacteria fraction,
the FA found were mostly non-source specific (e.g.
C16:0). Zooplankton FA concentrations differed when
compared with their resources. From the suite of
PUFA analysed, zooplankton had higher concentra-
tions of the following PUFA than their dietary
resources: linoleic acid (LIN; 18:206), a-linolenic acid
(ALA; 18:3w3), stearidonic acid (SDA; 18:4®3), ARA,
eicosapentaenoic acid (EPA; 20:503) and DHA
(Table 4). The only monounsaturated fatty acid found
at higher concentrations in zooplankton than in seston
or benthic mats was vaccenic acid (18:107). The
observed high PUFA retention made PUFA the most
prevalent group of FA in zooplankton, closely fol-
lowed by saturated fatty acids (SAFA; Table 4).

Comparing the difference in FA concentrations
between zooplankton and their resources provides a
means of quantifying consumer lipid retention. Thus,
we calculated PUFA retention ratios, by dividing
PUFA concentrations of zooplankton by PUFA con-
centrations of their potential diet [i.e. (PUFA),o0plankton”
(PUFA)gied, to assess the trophic relationship between
dietary PUFA supply and PUFA retention in the
consumer. When comparing retention ratios between
zooplankton and seston or benthic sources, all zoo-
plankton had the smallest PUFA retention ratios from
seston (by a multiple of 10), suggesting that seston
supplies more PUFA to herbivorous consumers than
does the benthic mat.
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Table 3 Mean concentration (ug mg' dry mass) of individual fatty acid food resources: DOC (<0.2 um), the bacterial fraction
(0.7-0.2 pm), benthic organic matter and seston (>0.7 um) from 10 ponds below and above the tree line in subarctic Finland. Only
lipids accounting for >0.5 yg mg™" are shown. Mean total fatty acid percentages included. Below the tree line n = 4, above 1 = 6

DOC <0.2 ym Bacteria (0.2-0.7 pm) Benthic mats Seston
Above Below Above

Fatty acids Below (1=5 Mean % (1=3) (n=5 Mean % Below Above Mean % Below Above Mean %
SAFA 0.3 0.8 0.6 58 1.1 1.7 1.5 48 3.2 2.6 29 41 342 36.8 35.8 57
MUFA 0.2 0.3 0.2 24 12 1.5 14 45 24 1.8 2.0 29 172 16.9 17 27
PUFA 0.0 0.0 0.0 0 00 0.0 0.0 0 12 1.1 1.2 17 89 10.6 9.9 16
20-22C 0.0 0.0 0.0 0 00 0.0 0.0 0 09 0.3 0.5 7 46 3.3 3.8 6

PUFA
LIN 0.0 0.0 0.0 0 00 0.0 0.0 00 0.2 0.1 2 27 29 29 5
ALA 0.0 0.0 0.0 0 00 0.0 0.0 0 01 0.1 0.1 1 17 2.8 2.3 4
SDA - - - - - - -3 6.5 3.8 0 52 7.7 43 1
ARA 0.0 0.0 0.0 0 00 0.0 0.0 00 0 0.0 0 05 0.3 0.4 1
EPA 0.0 0.0 0.0 0 00 0.0 0.0 00 0.2 0.1 2 12 1.6 14 2
DHA 0.0 0.0 0.0 0 00 0.0 0.0 00 0 0.0 0 11 0.8 0.9 1
-6 0.0 0.0 0.0 0 00 0.0 0.0 00 0 0.0 0 0 0 0 0
-3 0.0 0.0 0.0 0 00 0.0 0.0 0 0.6 0.5 0.6 8 4 53 4.8 8
Total 0.7 1.3 1.0 100 25 3.4 3.1 100 7.4 6.7 7.0 100 559 66.8 625 100

lipids

ALA, o-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; DOC, dissolved organic carbon; EPA, eicosapentaenoic
acid; LIN, linoleic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids; SAFA, saturated fatty acids; SDA,
stearidonic acid.

Table 4. Mean concentration (ug mg™" dry mass) of individual fatty acids in zooplankton from 10 ponds below and above the tree line
in subarctic Finland. Only lipids accounting for >0.5 ug mg™" are shown. Mean total fatty acid percentages included for the
zooplankton

Zoo-
Eudiaptomus Daphnia Bosmina Polyartemia Branchinecta plankton

Fatty acids Below Above Mean % Below % Below Above Mean % Below Above Mean % Above % Bulk %

SAFA 504 625 564 36 39.6 39 393 40 39.9 41 205 101 18.3 25 13.6 23 406 36
MUFA 220 231 225 14 294 29 244 26 25.8 26 22.0 9.8 18.3 25 18.1 30 248 22
PUFA 552 787 67.0 43 294 29 238 32 30.1 31 335 190 326 45 268 44 427 38
20-22C 332 495 414 26 169 17 148 18 17.6 18 205 134 221 31 157 26 261 23
PUFA
LIN 70 104 8.7 6 54 5 60 5 53 5 49 15 3.6 5 48 8 64 6
ALA 9.1 10.6 9.9 6 51 5 30 5 4.6 5 72 18 5.1 7 49 8 66 6
SDA 8.6 4.3 3.2 2 38 4 21 0 8.4 6 18 0.4 4.6 3 28 4 24 4
ARA 3.0 34 3.2 2 43 4 52 6 5.8 6 32 1.1 22 3 27 4 41 4
EPA 103 162 133 8 114 11 87 11 10.6 11 129 76 130 18 10.7 18 125 11
DHA 172 258 215 14 02 0 09 1 1.0 1 33 3.8 5.0 7 15 2 78 7
-6 13 13 13 1 04 0 00 1 04 0 05 0.0 0.1 0 00 0 06 1
-3 376 539 458 29 170 17 126 18 16.6 17 238 134 234 32 173 28 274 24
Total 1338 179.6 156.7 100 101.3 100 87.6 100 982 100 789 408 723 100 60.6 100 1134 100
lipids

ALA, o-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LIN, linoleic acid; MUFA,
monounsaturated fatty acid; PUFA, polyunsaturated fatty acids; SAFA, saturated fatty acids; SDA, stearidonic acid.

Fatty acid retention varied significantly between  resources, cladocerans (Daphnia and Bosmina sp.)
zooplankton taxa (Fig. 2). While all taxa had higher  retained lower concentrations of DHA relative to
PUFA concentrations than either benthic or seston  their pond-specific seston source (Fig. 2). Of all PUFA,
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Source

Fig. 2 Mean concentrations of essential fatty acid in Eudiaptomus
graciloides, Daphnia sp., Bosmina sp., Polyartemia forcipata and
Branchinecta paludosa and in their two potential food sources,
benthic mats and seston. DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; ARA, arachidonic acid; ALA, o-linolenic
acid; LIN, linoleic acid. Benthic mats contained 0.2 ug mg’1 DM
(the detection limit) only of LIN, ALA and EPA.

cladocerans

retained

EPA

most

efficiently

(11 = 2.4 uyg mg™" DM). For E. graciloides, a third of
all their PUFA was DHA (21.5 + 2.6 ug mg™' DM;
Fig. 2), which is substantially higher than the average
zooplankton DHA values excluding E. graciloides
(mean 1.9 = 2.1 ug mg~' DM).

60 0 DHA Elevation gradient
] wEPA

S 50 EQE’: The altitudinal gradient contributed to differences in
}‘E E 8 LIN 5'3C values of seston, which increased with increasing
Tg:w 40 altitude (% = 0.68, P = 0.002, d.f. = 9). This trend was
§ 5 % mirrored by zooplankton ¢'°C values that also
° E I increased with altitude (% = 0.68, P < 0.001, d.f. = 17).
it:’f 2 All PUFA, except SDA, were absent from benthic
E mats below the tree line. In mats above the tree
10 line, SDA doubled and trace amounts of ALA, LIN
and EPA were present, although, nevertheless, the
Eullap Py 205y POt B B 1 8250 overall FA concentration was very low (Fig. 3a).

For seston, there were only slight increases in
PUFA concentrations above the tree line, although
ARA and DHA decreased (Fig 3b). Altitude, spe-
cifically the tree line, affected FA concentrations
of benthic mats more than it did for seston
(Table 3).

The taxonomic composition of zooplankton and
their FA retention also changed with altitude. Cla-
docerans were primarily found in ponds below the
tree line, and B. paludosa only above the tree line.
Eudiaptomus graciloides, which was the only taxon
found in ponds both above and below the tree line,
contained significantly higher total lipid concentra-
tions (Fig. 3c, Table 4) in ponds above the tree line
(Wilcoxon signed-rank test: P <0.05, d.f.=5). In
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addition, not only the amount of PUFA in E. gracilo-
ides and Bosmina increased above the tree line but
highly unsaturated fatty acids were retained 2-16
times more, relative to the resource from which they
were acquired (Fig. 3c,d. Polyartemia was the only
taxon to show a lower PUFA concentration above the
tree line (Fig. 3e).

Discussion

Our results suggest that metazoan zooplankton from
these subarctic ponds obtain their diet predominantly
from pelagic resources. In general, benthic mats had
extremely low concentrations of FA, with DHA and
ARA lacking entirely. According to FA analysis, the
pelagic resource was more likely to provide zoo-
plankton with essential FAs than the benthic mats.
Similarly, ¢ 13C values showed that zooplankton
carbon signals were more similar to those of seston
than of the benthic mats. Only four out of a total of 20
zooplankton populations showed any sign of benthic
feeding. Although highly productive and with a high
biomass, benthic mats showed no clear nutritional
advantage over the pelagic resources for supplying
metazoan consumers, based on the carbon isotope and
FA analyses. Our results indicate therefore that
benthic mats are less important as a food source than
the low-density phytoplankton, than suggested else-
where (Hansson & Tranvik, 2003; Rautio & Vincent,
2006, 2007).

Stable isotope analysis was able to differentiate
between benthic mats and pelagic seston. Benthic
mats had heavier isotopic carbon signals than seston,
probably due to a boundary layer effect in less-
turbulent bottom waters with the resultant CO,
limitation causing less "*C fractionation (higher 6'°C
values) during photosynthesis (France, 1995; Hecky &
Hesslein, 1995). Microscopic examination of phyto-
plankton and benthic mats in these ponds has shown
that the communities are distinct, with benthic taxa
rarely found in suspension (L. Forsstrom, unpubl.
data). A similar distinction has been reported for
other northern ponds (Bonilla, Rautio & Vincent,
2009). If appreciable resuspension of benthic taxa or
sedimentation of planktonic taxa was present in our
ponds, the physical coupling between the benthic and
pelagic environments would have been reflected in
more similar stable isotope signatures for the two
resources.

Food sources and lipid retention of zooplankton 9

Zooplankton isotopic signals were consistently
more depleted than either bulk potential food
resource, indicating preferential feeding on the isoto-
pically light, photosynthetic portion of the POM
(Kankaala et al.,, 2006; Rautio & Vincent, 2007).
Branchinecta, regarded as a benthic feeding species
(Bertilsson et al., 2003), had a carbon signal indicating
that pelagic algae provided up to 50% of its diet
(Fig. 1b; Pond 10). The FA composition of B. paludosa
also suggests that this benthic feeder used sestonic
food; EPA found in B. paludosa was absent in benthos,
although it is not known whether B. paludosa can
convert precursor FA to EPA. Since there were no
pelagic grazers found in this pond, sedimentation of
pelagic algae is a plausible explanation of how
Brachinecta was able to access pelagic resources.
Consistent with the §'°C results, the 5'°N value of
Brachinecta is intermediate between seston and the
benthic mats, indicating a mixed diet; however, the
bulk nature of measured samples may mask the O°N
value of the specific food items. Overall, it was clear
from the 6'°N values that most zooplankton had a
1-49,, trophic enrichment from the seston, indicating
pelagic resource selection.

Using mixing models with the bulk data to deter-
mine the relative mixture of the resources to zoo-
plankton diets was not possible for all communities,
because most of the consumers lay outside either food
source isotope value. We acknowledge that the mix-
ture of edible and non-edible carbon sources in bulk
resource samples causes inherent problems in linking
consumer and food source isotope values. Calculating
the edible proportion of the seston requires a calcu-
lation of 513Calgm, but this is highly sensitive when
bulk seston contains <20% POC (Marty & Planas,
2008). In the end, bulk seston entailed fewer assump-
tions than the algal correction calculations for linking
consumers to food source.

Fortunately, by incorporating FA analysis, a more
comprehensive determination of food web interac-
tions could be obtained. Zooplankton accumulated
dietary PUFA efficiently, as was clear from the higher
concentrations of PUFA in zooplankton biomass than
in either resource. In contrast, SAFA concentrations of
zooplankton were in general similar than in resources,
indicating no trophic accumulation. Our values of
zooplankton FA content values are comparable with
ranges compiled from several studies and summar-
ised by Brett et al. (2009). The only non-PUFA that was
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retained at higher concentrations in all the consumers
compared with the food sources was 18:107, a FA
found in heterotrophic bacteria (Vainshtein, Hippe &
Kroppenstedt, 1992). For physiological reasons that
are not clear, the retention of 18:1w7 in zooplankton
suggests that the consumers preferentially retained
this FA over others detected in bacteria. It is likely that
the bacteria of subarctic ponds contribute some
energy to zooplankton, as has been shown with SIA
and direct feeding experiments for waterbodies rang-
ing from humic lakes (Taipale et al., 2008) to subarctic
ponds (Rautio & Vincent, 2006). However, it is
unlikely that bacteria supply dietary PUFA that are
required for cell membranes and somatic growth of
zooplankton (Brett et al., 2009). The lack of PUFA in
the bacterial and DOC fraction of the seston indicates
that the FA found in zooplankton are derived from
POM (0.7-50 pm).

Since FA composition differed among zooplankton
species, the potentially growth-limiting substance
may have also differed from species to species
(Persson & Vrede, 2006; Smyntek et al., 2008). Both
those studies showed that cladocerans preferentially
retain EPA, while copepods accumulate more DHA
than EPA. Similarly in our study, the main taxon-
specific difference in FA retention was between
Daphnia and Eudiaptomus, showing that Daphnia did
not retain DHA, yet contained nearly twofold higher
concentrations of SAFA, EPA and ARA than in
Persson & Vrede’s (2006) study of high-latitude
ponds. Conversely, E. graciloides contained 20 times
more DHA than the concentration in the seston. In
addition, Eudiaptomus had high concentrations of
EPA, but to a lesser extent than Daphnia. This
preference for specific FA is based on differences in
life history strategies and evolved physiological
adaptations (Brett ef al., 2006; Persson & Vrede,
2006). For instance, species have particular adapta-
tions to cope with certain environmental conditions
(e.g. cold), which is the impetus to regulate metabol-
ically different concentrations of specific FA (Smyntek
et al., 2008).

The differences in FA profiles between seston and
benthic mats may be attributed to differences in FA
composition of algal populations. Flagellates, includ-
ing Chrysophyta, Cryptophyta and Dinophyta, dom-
inate the phytoplankton of northern Finland
(Forsstrom, Sorvari & Korhola, 2005). However, ben-
thic mats are known to be composed primarily of

Cyanobacteria, Chlorophyta and Dinophyta (L. For-
sstrom, pers. comm), which are also frequently found
in benthic mats of other regions (Bonilla et al., 2009).
Cyanobacteria synthesise very little EPA or DHA
(Brett et al., 2006, 2009). In addition, our FA and §"°N
value results from benthic mats are both consistent
with the presence of nitrogen-fixing cyanobacteria;
neither DHA nor ARA was detected in the benthic
mats, and near-zero 8'°N values of the benthos are
consistent with values for nitrogen-fixing cyanobacte-
ria (Vincent, 2000). Zooplankton are known to dis-
criminate against cyanobacteria (Sarnelle, Gustaffsson
& Hansson, 2010). Diatoms and cryptophytes readily
synthesise PUFA, whereas green algae and cyanobac-
teria produce only shorter-chain PUFA (Brett et al.,
2009).

The amount of accumulated benthic algae varied
between ponds; highly productive, thick filamentous
mats were mainly found in ponds below the tree line.
Despite their high biomass, there was no indication of
more consumer reliance on their benthic mats than in
those above the tree line. Rather, zooplankton sBC
values reflected changes in seston rather than in the
benthic mats along the altitudinal gradient. Similarly,
Rautio & Vincent (2007) showed that, in Canadian
subarctic and arctic ponds, zooplankton often had a
0"°C value closer to the seston than to the benthos,
although feeding on both food resources was more
common in the communities they studied.

As we hypothesised, both food resources have
higher-quality FA at higher altitudes. PUFA concen-
tration is inversely correlated with trophic status
(Miiller-Narvarra et al., 2004), which implies that
phytoplankton will have more PUFA at higher
altitudes, as is evident in our study. Increasing
altitude accentuates seasonal constraints, making it
necessary, also for consumers, to maximise their
retention of high-quality carbon. Coping with sea-
sonal constraints is directly related to the need to
maintain fluidity in cold temperatures (Schlechtriema,
Arts & Zellmer, 2006) and maintain efficient growth
and reproduction in a shorter growing season, which
requires EPA (Miiller-Narvarra et al., 2000). Therefore,
the higher PUFA concentration found in zooplankton
at higher altitudes is partly due to the food sources
having higher quality and partly from consumers’
selective retention.

Zooplankton have evolved the ability to balance
their individual metabolic needs in harsh environ-
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mental conditions for optimal success. Specifically,
this could involve selective feeding (i.e. whether they
access benthic resources), an example of behavioural
plasticity. Additionally, consumers can metabolically
select how the energy acquired is sequestered within
the soma (Miiller-Navarra, 2008; Smyntek et al., 2008).
This metabolic plasticity could be the cause of the
higher zooplankton PUFA concentrations above the
tree line. Higher concentrations of EPA, DHA and
SDA relative to resources in E. graciloides demon-
strated preferential retention of these PUFA, and this
was most pronounced in ponds above the tree line.
These biochemical adaptations for selecting and
retaining desired FA offer a mechanism by which
consumers can enhance their survival. Further under-
standing of energy acquisition and selective PUFA
retention is needed to follow more accurately the
dynamics of subarctic food web structure and func-
tion. For example, consumer competitive relationships
and species composition are affected by resource
quality, particularly when the acquisition of nutri-
tional requirements has consequences for somatic
growth and reproductive success of consumers (Pers-
son & Vrede, 2006).

In conclusion, our field study has shown that the
phytoplankton in the seston probably provides zoo-
plankton in subarctic ponds with essential dietary
lipids in sufficient quantities to meet demand, even in
late summer. The pelagic resource contained the
dietary PUFA required in greater concentrations than
benthic resources. In addition, higher retention of
PUFA and o3 FA in E. graciloides in ponds above the
tree line provides field evidence of metabolic regula-
tion of these physiologically important lipids.
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Abstract

We addressed the extent to which autochthonous and allochthonous carbon sources contribute to zooplankton
diet throughout the year in oligotrophic subarctic Lake Saanajéarvi. Optical measures of dissolved organic matter
(DOM) indicated high water discharge and associated terrestrial DOM during winter and low inputs in summer.
Bulk particulate organic matter (POM) showed 13C values consistent with allochthonous inputs of DOM. The
most positive POM 613C values (—27%o) occurred during winter, when heterotrophic bacteria and nanoflagellates
peaked in abundance; the isotopically lighter autotrophic phytoplankton shifted the POM 6!3C to —29%, in
summer. The 6!3C values of zooplankton were up to 4% more negative than those of POM, most likely because
detritus and other nonliving material with higher 613C values comprised 45-90% of POM. The 613C of the
cladoceran Daphnia umbra mirrored the trend of POM 6!3C, indicating a dietary shift from heavy dependence on
autochthonous carbon in summer to allochthonous or heterotrophic food in winter. The 6!3C of the most
abundant zooplankton in Lake Saanajarvi, Eudiaptomus graciloides and Cyclops abyssorum, remained low and
constant in winter, suggestive of little or no food intake during the 8 months of winter. There are significant
differences in the zooplankton utilization of nonphytoplankton carbon in different seasons and among species.
Although autochthonous carbon seemed to be mainly responsible for the growth of zooplankton, the ability to
utilize allochthonous carbon-fueled microorganisms explains the survival of Daphnia through winter in northern

lakes.

Phytoplankton-derived carbon and lipids are known to
be essential for the somatic growth and reproduction of
zooplankton and fish (Brett and Miiller-Navarra 1997,
Miiller-Navarra et al. 2000). For decades, aquatic food
webs were taken as systems where carbon transfer was
linear from phytoplankton to zooplankton to fish. From
the discovery of the microbial loop (Azam et al. 1983) to
key advances in methods for studying carbon sources
(Porter and Feig 1981; de Souza Sierra et al 1997; Gannes
et al. 1997), the role of nonphytoplankton carbon in the
aquatic food webs has gained attention (Salonen and
Hammar 1986; Hessen et al. 1990; Pace et al. 2004).
Phytoplankton, although the primary source of certain
essential fatty acids (EFA), is therefore no longer consid-
ered to be the sole carbon source for higher trophic levels.
The mechanisms by which this nonphytoplankton carbon
accumulates in zooplankton have been argued to range
from direct absorption of dissolved organic carbon (DOC)
by the consumer (Sorokin and Wyshkwarzev 1973) to
trophic transfer whereby zooplankton feed on heterotro-
phic microbes that have been fueled with nonphytoplank-
ton carbon (Jones 1992). There is growing evidence of
substantial nonphytoplankton carbon accumulation in
higher organisms in a variety of lakes (Grey et al. 2001;
Cole et al. 2006; Karlsson and Sawstrom 2009). Particulate
organic matter (POM) of terrestrial origin (allochthonous
carbon) has been argued to be the key factor controlling
whole-lake productivity in lakes where phytoplankton

* Corresponding author: milla.rautio@uqac.ca

productivity is low (4.4-13.1 mg C m—2 d—!; Carpenter et
al. 2005; Ask et al. 2009). In shallow lakes, the high
production of benthic algae and associated heterotrophic
organisms may provide an alternative carbon source for
zooplankton (Hansson and Tranvik 2003; Rautio and
Vincent 2006).

Lakes that are governed seasonally by light, ice cover,
and, in consequence, primary productivity also show
seasonal shifts in higher organisms. The classic paradigm
of polar ecosystems holds that most biological processes
slow down or cease during the dark polar winter. Many
zooplankton have been observed to be strict diapausing
species that disappear from the water column into
sediments during winter (Nilssen and Elgmork 1977;
Ventura and Catalan 2005; Larsson and Wathne 2006).
There are, however, deviations from this pattern. In the
1970s, Rigler and MacCallum (1974) showed that the
population density of Limnocalanus macrurus peaked in
February under the ice in Char Lake (74°N) in High
Arctic Canada. Subsequently, further reports appeared
about high densities of winter zooplankton, including
copepods and cladocerans (e.g., Rautio et al. 2000;
Larsson and Wathne 2006). Evidence from oligotrophic
lakes suggests that nonphytoplankton carbon would be
especially important in sustaining zooplankton in winter,
when phytoplankton are scarce in the water column (Grey
et al. 2001; Karlsson and Sawstrom 2009). Although a
complete understanding of lake carbon cycles is highly
dependent on all seasons, winter remains a little explored
season in limnology, and direct evidence regarding the
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Table 1.

Rautio et al.

Ice thickness, temperature, dissolved organic carbon (DOC), particulate organic matter (POM), and composition of seston

POM in the 0-10-m depth water layer. The carbon contribution of bacteria, heterotrophic nanoflagellates (HNF), and autotrophic algae

is expressed as percentage (%) of POM.

Snow and ice Temperature DOC POM Bacteria HNF Autotrophs

Date thickness (cm) (°C) (mg L") (mg L-1) (%) (%) (%)
13 Nov 07 5,13 0.6 22 125 5.5 59 7.6
29 Jan 08 25; 50 0.6 1.4 85 6.7 1.8 2.4
01 Apr 08 5; 70 0.9 1.6 83 11.9 13.7 2.4
21 May 08 5; 100 1.4 1.6 90 15.3 19.1 10.0
25 Jun 08 0; 0-20* 2.5 1.9 125 13.5 29.9 232
31 Jul 08 10.5 2.1 125 12.9 12.1 26.4
06 Sep 08 7.6 22 205 10.8 6.2 18.8
17 Oct 08 2.5 2.2 185 15.9 1.5 13.0

* Half of the lake was still covered in ice up to 20 cm thick.

feeding ecology of zooplankton in winter has remained
elusive. Whatever zooplankton feed on in winter, the food
source itself should not depend on light and photosyn-
thesis, and zooplankton should be able to persist without
this production for extended periods of time. Primary
productivity in winter is zero or very low in lakes located
north of the Arctic Circle (Kalf and Welch 1994). During
this dark period, the potential food for zooplankton
includes heterotrophic bacteria, nanoflagellates and cili-
ates, and mixotrophic algae that can switch from
autotrophy to heterotrophy when there is a lack of light
(Sanders and Porter 1988). The carbon source that
supports the growth of the lower trophic levels in winter
is thought to be dominated by allochthonous subsidies
(Grey et al. 2001). In the absence of phytoplankton,
zooplankton may also turn to feeding on benthic POM by
grazing directly on the lake bottom or on resuspended
benthic filaments (Hansson and Tranvik 2003; Rautio and
Vincent 2007).

Stable isotopes have increasingly been used to describe
food web structure, and in many systems, they have proved
a powerful tool to relatively easily define feeding patterns.
Differences in the isotopic signal between allochthonous
and autochthonous carbon (Grey et al. 2001), and between
autotrophic and heterotrophic food sources (Kankaala et
al. 2006), have been used to trace the source and flow of
carbon from one system and trophic level to another in the
food web. Optical properties of dissolved organic matter
(DOM) can be further used to characterize the origin of the
carbon pool. Originally developed for studying ultraviolet
radiation (UVR) attenuation in lakes, specific UV absor-
bance (SUVA) can also provide insights into the chemical
composition of carbon and be used as a guide to the
relative importance of autochthonous versus allochthonous
carbon inputs to a lake (Weishaar et al. 2003; Jaffé et al.
2008).

We studied the autochthonous and allochthonous
sources of carbon, and the relationships between zooplank-
ton 013C and the composition of POM in Lake Saanajirvi,
located in subarctic Finland. Because of its northern
location, there is great seasonal variability in autotrophic
and heterotrophic productivity of the lake. To our
knowledge, there exist no previous studies on the season-

ality of DOM sources in northern lakes using optical
properties of water. Furthermore, studies on seasonality of
POM and zooplankton isotope signatures are still rare,
especially in high-latitude lakes (Gu et al. 1999; Karlsson
and Sdwstrom 2009), which likely exhibit some of the
largest seasonality of environmental variables in aquatic
systems globally. The objectives of this study were therefore
(1) to estimate seasonal shifts in the autochthonous and
allochthonous carbon quantity in Lake Saanajirvi; (2) to
measure variability in the putative autotrophic and
heterotrophic zooplankton food sources; (3) to assess the
relative contribution of these different food sources to 613C
of POM in different seasons and thus estimate the
proportion of water-column allochthonous POM that is
consumed by zooplankton; and (4) to examine interspecific
differences in feeding strategies among zooplankton in
Lake Saanajirvi.

Methods

Samples from Lake Saanajérvi (0.7 km2, max. depth
24 m) were collected eight times between November 2007
and October 2008. The catchment of Lake Saanajdrvi
(4.6 km?) has vegetation dominated by low dwarf shrubs,
mosses, grasses, and sedges. The lake is an oligotrophic
clear-water lake with annual mean total phosphorus
concentration < 3 pg L—! and DOC concentrations of
1.8 mg L—! (mean for 2007-2008). The lake has one main
inlet stream, but several seasonal streams enter the lake as
well, especially in early summer and late fall. Stream flow
usually begins in late May and quickly reaches its peak
flow. Mean annual precipitation is 459 mm, of which 60%
occurs as snow (Drebs et al. 2002). Due to its northern
location (69°05'N, 20°87'E), Lake Saanajérvi is ice covered
for 8 months of the year, and it usually becomes ice free
and thermally stratifies in early July for about 2 months
(Sorvari et al. 2000). Ice cover, which may exceed 1 m,
forms in late October—early November. Five of the eight
sampling dates were during winter (Table 1). Bulk water
samples were collected from the deepest point at the middle
of the lake at 1-m intervals between 0 and 10 m using a 2-
liter Limnos sampler and were mixed in equal parts to
produce a single integrated sample. This water layer
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represented the epilimnion during summer stratification.
Another bulk sample was collected from 10-20 m, but these
results are only briefly discussed here.

For DOM analysis, two 50-mL subsamples of water
were filtered through 0.2-um cellulose acetate filters, which
were first rinsed with sample water to remove possible
carbon leaching from the filter. Samples were stored at 4°C
in acid-cleaned, glass bottles. One sample was used for
determination of DOC concentration using a Shimadzu
Total Organic Carbon analyzer (model TOC-Vcph) at the
North Ostrobothnia Regional Environmental Centre. The
other sample was used for optical quality measures of
DOM. In the latter, the absorption was measured every
1 nm over the wavelength (1) range 250-850 nm using a 10-
cm quartz cuvette in a Cary 300 UV-Vis spectrophotometer
(Varian) to determine the specific UV absorbance (SUVA)
at 254 nm (SUVA,s4). The SUVA,s4 parameter is defined
as the UV absorbance at 254 nm measured in inverse
meters (m~!) divided by the DOC concentration (mg L—1).
Increasing SUVA indicates greater contribution of terres-
trially derived DOM (Hood et al. 2003, 2005).

POM was concentrated from 2-6-liter samples that were
passed through a 50-um sieve to remove zooplankton, and
it was then collected on precombusted and preweighed 47-
mm Whatman GF/F filters and freeze dried. Chlorophyll a
(Chl a) was determined fluorometrically after filtering a
500-mL subsample of water through a Whatman GF/F
filter and extracting the Chl @ in 95% ethanol. Another 500-
mL subsample was preserved with Lugol’s iodine for
phytoplankton counting using Utermohl sedimentation
and inverted microscopy. Water samples for bacterial
enumeration were preserved in 2% (final concentration)
formaldehyde. Sample preparation for microscopy in-
volved staining 4 mL of sample with nucleic acid-staining
fluorochrome 4',6-diamidino-2-phenylindole (DAPI) with
a final concentration of 5 ug mL~! for 1 h, followed by
filtration through a 0.2-um black Nucleopore membrane.
Filters were mounted on slides with immersion oil and
frozen (—20°C) until examination at 1000X magnification
with UV excitation. Picophytoplankton and nanoflagel-
lates were counted from a sample that was prepared for
microscopy by filtering 20-50 mL of DAPI-stained water
through a 0.6-um black polycarbonate membrane. Slides
were frozen until examination at 1000X using a Leica Leitz
fluorescence microscope. Green excitation was used to
discriminate between colorless heterotrophic nanoflagel-
lates (HNF) and autotrophic cells with plasts and pigments.
All water analyses were carried out in triplicates, except for
Chl @ and phytoplankton counts, which were based on
single samples.

POM was converted to carbon biomass using the weight
difference of the filter before and after the POM addition,
and the percentage of carbon in the sample was obtained
from the combustion and elemental analysis stage that
precedes stable isotope analysis (SIA) in the mass
spectrometer. Bacterial carbon biomass was calculated
using an average measured cell volume of 0.1 um3 and a
volume-biomass conversion factor of 0.308 pg C um—3
(Fry 1988). Heterotrophic nanoflagellates were enumerated
to four different size categories (diameter 2, 2-5, 5-10, and
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> 10 pum) to allow volume estimation and subsequent
carbon conversion using a conversion factor of 0.22 pg C
um~3 (Borsheim and Bratbak 1987). Picoautotroph carbon
biomass was calculated using the average cell volume of
4.2 ym3 and the same carbon conversion factor as for
nanoflagellates. Due to a loss of some phytoplankton
samples, Chl @ was used to estimate the carbon biomass in
autotrophic organisms, instead of phototrophic nanofla-
gellate and phytoplankton counts. Algal volumes in July
phytoplankton gave a C:Chl a value of 40, and this
conversion factor was applied to all Chl a data to calculate
the carbon in the phytoplankton community.

Crustacean zooplankton were collected in bulk by
vertical tows through 0-10-m and 0-20-m depths using a
200-pm net, and individuals were counted with a binocular
microscope to obtain relative species composition. The
sample was left overnight in tap water to allow for gut
evacuation. Live zooplankton were then sorted manually
using a fine pipette and needle-sharp forceps, and
individual species were separated. Approximately 100
Eudiaptomus graciloides, 150 Cyclops abyssorum, and 50
Daphnia umbra specimens were collected for each 013C
sample, stored in three replicates, when possible, in 2.5-mL
vials, and frozen. The samples were lipid extracted because
greater lipid content lowers §13C values, which can mask
the carbon signature of the diet, and this is especially
critical for species that accumulate lipid storages during the
growing season to cope with winter, as is the case with the
zooplankton studied here (Syvdranta and Rautio 2010).
After lipid extraction, the samples were oven dried at 60°C
before analysis for stable isotopes.

Carbon isotopic analysis was carried out using a
FlashEA 1112 elemental analyzer (Thermo Fisher Scientif-
ic) coupled to a Thermo Finnigan DELTAplus Advantage
mass spectrometer. POM samples collected on Whatman
GF/F filters were scraped away from the glass fiber before
combustion. Pike (Esox lucius L.) white muscle tissue was
used as an internal working reference with a known relation
to the international standard of PeeDee belemnite for
carbon. Results are given as 0!13C, where

513CZ(<13C : lzCsa\mp]c/]}C : lzCrcfcrcncc)_ 1) x 1000 (1)

Internal precision was usually < 0.2%o.

Results

Zooplankton in Lake Saanajérvi were dominated for
most of the year by the calanoid copepod Eudiaptomus
graciloides, followed by the cyclopoid Cyclops abyssorum,
and the cladoceran Daphnia umbra (Fig. 1); this is
consistent with previous studies of Lake Saanajirvi
plankton (Rautio et al. 2000). In Lake Saanajirvi, E.
graciloides has a 1-yr life cycle, with adults maturing in
autumn and copulating in early winter; the eggs are
hatched between April and May, and soon after the adults
die. In contrast, C. abyssorum in the lake has a 2-yr life
cycle, with adults maturing in early summer and reproduc-
ing in midsummer; they pass their first winter as early
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Fig. 1. The composition of zooplankton (> 200 um) in Lake

Saanajarvi in 2007-2008. The dominant developmental stage in
the sample is shown for Eudiaptomus graciloides and Cyclops
abyssorum: N = nauplia, I-III = copepodites, IV-V =
copepodites, and VI = adults. The presence of nauplia is
expressed in parentheses because they were not encountered in
the samples taken with a 200-um net. Group “other” is made of
cladocerans Bosmina sp., Holopedium gibberum, and Polyphemus
pediculus.

copepodites, which grow to late copepodite stages during
the second summer and pass the second winter in this stage
before maturing to adults during the following summer.
Since our sampling was conducted during the first winter
and second summer of the C. abyssorum life cycle, we only
had copepodites in our samples (Fig. 1). D. umbra
individuals in Lake Saanajdrvi reproduce parthenogeneti-
cally throughout the year, including winter, and ephippia
are found only rarely; the population density peaks in late
summer.

Characteristics of the DOM pool of Lake Saanajirvi
allowed us to estimate the autochthonous versus allochtho-
nous origin of carbon in the lake. The optical index used,
SUVA, showed clear seasonal shifts (Fig. 2a), with high
values under the ice, indicating a greater influence of
allochthonous carbon. The highest value (3.5) was mea-
sured in late May at the time of extensive spring melting in
the catchment area.

The autotrophic organisms exhibited a distinct season-
ality, which is typical for lakes where light milieu shows
strong annual variability. Because of light limitation, Chl a
and autotrophic algal abundance were very low under the
ice in winter, but values grew steadily during spring
(starting in May, a month before ice out) and summer to
a single peak in September, and then declined rapidly
(Fig. 2b). In contrast, heterotrophic bacteria and nano-
flagellates had an annual maximum under the ice in April-
June (Fig. 2c). Conversion of bacteria, heterotrophic
nanoflagellate and picophytoplankton biovolumes, and
larger phytoplankton Chl a to carbon biomass (Table 1)
allowed us to estimate their contribution to POM, thereby
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giving an estimation of the potential food composition of
zooplankton on a seasonal basis. Throughout the year,
POM was dominated by detritus and other nonliving
material, with a contribution that varied between 45% and
90%. Living cells were especially sparse in the POM in early
and midwinter, when the autotrophic cells made up 2-8%
of the POM and the heterotrophic cells about 8% (Fig. 2d).
In terms of zooplankton feeding, the situation was most
favorable in mid- and late summer, when the algal
community was at its maximum and autotrophic cells
contributed > 25% to the POM.

The 013C of POM from the surface waters (0-10 m)
showed pronounced seasonal variation during the study
period (Fig. 2¢):013C of POM ranged from —26.7%o in late
winter to —28.7%o during the maximum algal abundance in
summer (Fig. 2c). During the open-water period, the
changes were correlated with the seasonal change of Chl
a (Pearson correlation coefficient: —0.914), although this
correlation was not statistically significant (p = 0.124).
During early and midwinter (November to April), the
POM 613C values responded to the abundance of bacteria,
HNF, and the proportion of heterotrophs in POM, with
POM 613C values increasing from —28.5%0 to —26.8%o,
along with the increasing proportion of heterotrophic and
decreasing proportion of autotrophic organisms in the
water column (Table 1; Fig. 2d). The 6!3C values of POM
from the bottom waters (10-20 m) were similar to the
surface 013C values during winter, but they were approx-
imately two units more positive during the growing season
between May and October (data not shown), suggestive of
carbon derived primarily from heterotrophic organisms
and detritus and lacking the lighter 613C of autotrophic
organisms found more frequently in the summer epilimni-
on.
The 013C values of zooplankton samples were the same
for the surface (0-10 m) and whole-water-column samples
(0-20 m) (z-tests, p > 0.1 for all species) and were therefore
pooled. The 6'3C of Daphnia umbra was closely associated
with the large-scale seasonal changes in 613C POM (Fig. 3).
During the winter, the values became more positive,
mirroring the trend in 6!3C POM (Pearson correlation
coefficient: 0.546) and reflecting the increase of bacteria
and HNF in the food pool. From May to June, D. umbra
exhibited a 3.7 unit decrease in 613C from —26.7%o to
—30.4%o, which occurred concurrently with the increase of
autotrophic algae in the POM. During the summer, the D.
umbra 013C value stayed between —30.5%0 and —31.4%o
and was negatively correlated with the changes in 613C
POM (correlation coefficient: —0.995, p < 0.05). In
contrast, the carbon isotope ratios of the two copepod
species showed a different pattern, where 613C values
stayed constant from the beginning to the end of winter in
both E. graciloides (—29.4%o to —30.0%0) and C. abyssorum
(—29.3%0 to —29.9%0) (Fig. 3). Therefore, they diverged
from the trend that was seen for POM §13C (correlation
coefficients: 0.008 and 0.483 for E. graciloides and C.
abyssorum, respectively), suggestive of copepod discrimi-
nation against the POM food pool. Only at the beginning
of the growing season, when autotrophic algae increased in
the POM, did the copepods respond to the changes in POM
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Fig. 2.

Seasonal variation of (a) DOM quality as determined

by optical property SUVA, (b) autotrophic, and (c) heterotrophic
organisms of POM, (d) carbon composition of POM, and (e) 6!3C
values of POM from Lake Saanajirvi (mean * SE). Algal
abundance is given in cells mL~! for phytoplankton and cells L—!
for other autotrophs.
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013C pattern, likely reflecting algal food intake (correlation
coefficients for the open-water period: 0.956 and 0.971 for
E. graciloides and C. abyssorum, respectively; p < 0.05 for
both species).

The relative contribution of allochthonous carbon to
zooplankton biomass was calculated using a two end-
member mixing model

% allochthonous carbon

(6"Cp1— F —6"Cuuto) 2
= X 100
(‘) CPOM 0 Caulo)

where F is the isotopic fractionation between a consumer
and its food, and 613C,, 0'3Cpon, and 013C,, are the
isotopic signatures of zooplankton D. umbra, E. graciloides,
or C. abyssorum, the POM, and the phytoplankton,
heterotrophic bacteria, and nanoflagellates growing on
autochthonous carbon, respectively. Fractionation of
dietary isotopes to the tissues of a consumer typically
results in enrichment of 13C on the order of 0-1.0%o
(Michener and Schell 1994). For this study, we applied an
enrichment factor of 0.4%., as has been suggested for
oligotrophic lakes (Grey et al. 2001). The model was run
with two assumptions for the composition of §13C, .
First, we assumed that, in the POM, only phytoplankton is
autochthonous carbon, i.e., 613C,o = 0'3C,gqe. Second,
we assumed that a certain proportion of heterotrophic
bacteria, and subsequently HNF, grows on autochthonous
DOC originating from phytoplankton, i.e., 013C,, =
013C1gac, x(bact+HNF), Where X is the proportion of bacteria
and HNF growing on autochthonous carbon. The propor-
tion of heterotrophic production by bacteria using autoch-
thonous carbon has been estimated to be 49% (Ask et al.
2009), with 30-65% variation in boreal lakes (Kritzberg et
al. 2004) and 25-73% variation in subarctic lakes (Ask et al.
2009). We applied the 49% = 24% proportion for x in our
data, because Lake Saanajérvi and the lakes studied by Ask
et al. (2009) are located in the same area in subarctic
Scandinavia. Because starvation experiments and lipid data
have shown that E. graciloides and C. abyssorum do not
feed in winter (M. Rautio unpubl. data), allochthony
calculations were applied to these species only for the open-
water dates. We estimated the 6!3C,,, signature based on
POM and autochthonous carbon proportion in POM. The
following mixing model was used

8" Cauto =(3"Crom —(1=x) x (3°Cano))x ™ (3)

where the x represents the portion of autochthonous carbon
in the POM. The 6'3C,y, value was calculated as a mean
013Cpom In winter, assuming that POM contains only
allochthonous carbon when Chl a concentration is zero. In
Lake Saanajarvi, Chl a concentration varied between 0 and
0.2 ug L~1in midwinter, when autotrophs made up about 2%
of POM, but because the calculated value (—27%o) was the
same as the typical allochthonous signal for a boreal
ecoregion (Lajtha and Michener 1994), we used it in the
calculations despite the small contribution of algae to the
POM 613C values. However, Eq. 3 provides unrealistically
low estimations for 0!3C,,,, when the proportion of
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autochthonous carbon is < 20% (Marty and Planas 2008).
Therefore, in the mixing model (Eq. 2), we applied a constant
value for 63C,u0 (—33.2%0 for 6'3C,ee, —31.2%0 for
513Calgac, 49%(bact+HNE), —32-1%o0 for 013C1gac, 25%(bact+HNF)»
and —30.6%o for 013C,gac, 73%(bact+HNF)), Which was calcu-
lated as the mean from the open-water samples when
autotrophic algae, or autotrophic algae and a given
proportion of bacteria and HNF, were present in the water
column with > 20% proportion. During this time, the algal
community was rather stable, with Chlorophyceae and
Bacillariophyceae dominating (L. Forsstrom unpubl. data),
and we would expect little seasonal changes in 6!3C,gqe-

According to these mixing models, allochthonous carbon
accounted for close to 100% of D. umbra carbon in winter,
but the contribution declined during the ice out to 0-50%,
and to 0-24% at the end of summer (Fig. 4), which is the
time of maximum algal production. The high variability in
the estimates derives from the model assumptions (Eq. 2).
Highest values for allochthony result from the assumption
that only phytoplankton are autochthonous in a lake, while
the values decrease with increasing portions of bacteria and
HNF, which are assumed to grow on autochthonous
carbon. Allochthonous carbon contributed a maximum of
66% (E. graciloides) and 76% (C. abyssorum) of the carbon
of copepods. When high proportions (73%) of bacteria and
HNF were assumed to be autochthonous, these maximum
values dropped to 25% and 29%, respectively. The
maximum values were measured in early September, right
after the autumn overturn, when the nonalgal material,
abundant in hypolimnion, was mixed into the whole water
column. During the other sampling times, allochthonous
carbon did not contribute to zooplankton carbon at all
(Fig. 4), when 73% of heterotrophic bacteria production
was estimated to be autochthonous carbon based.

Discussion

Here, we have presented evidence of differential contri-
bution of autochthonous versus allochthonous carbon in a
subarctic lake ecosystem between summer and winter, and
its seasonal utilization among zooplankton, thereby in-
creasing our understanding of the role of allochthonous
carbon in lake food webs. Our DOM results suggest that
hydrological inputs of allochthonous matter to Lake
Saanajarvi were greatest in early and late winter. For the
duration of winter, the water column was characterized by
a high relative contribution of allochthonous carbon.
Moreover, the changes in the dissolved organic carbon
pool were mirrored in the seasonally changing ¢13C of
POM, and hence in the putative zooplankton food pool.
Most interestingly, copepods seemed to discriminate
against the carbon in seston in winter with very little or
no food intake, while cladocerans (D. umbra) continued to
feed on available heterotrophic food items, which in winter
were fueled by allochthonous carbon.

The optical characteristics of DOM changed seasonally.
The DOM quality parameter, SUVA, was anchored at high
values in winter and low values in summer. These
differences are likely the result of higher water discharge
and associated terrestrial DOM input from the catchment
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during late autumn—early winter and spring compared to
smaller inputs in summer (Hood et al. 2003). The
differences were further enhanced through variation in
seasonal primary production, with consistently increasing
phytoplankton contribution to the DOM pool during the
course of the summer. Jaffé et al. (2008) showed similar
seasonal changes in DOM quality parameters, which
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changed with primary productivity and hydrological
processes along an elevation gradient. They showed that
SUVA and the associated terrestrial component of the
DOM decreased with decreasing elevation, while phyto-
plankton contribution to the DOM pool increased com-
paratively.

In addition, according to the 6!3C of POM, allochtho-
nous carbon dominated Lake Saanajirvi in winter. The
values were between —26%o0 and —28%o in midwinter, i.e.,
close to the terrestrial 6!3C in the boreal ecoregion (—27%o;
Lajtha and Michener 1994). Bacteria, flagellates, and
ciliates, i.e., the putative zooplankton food, were likely
supported by allochthonous DOM in winter and subse-
quently transferred this terrestrial carbon to D. umbra, as
evidenced with heavier D. umbra 6'3C values in winter and
the estimations of the mixing models. Such microbial loop—
mediated trophic transfer from allochthonous carbon to
higher consumers has been suggested to be the main
channel to couple terrestrial and aquatic carbon (Jones
1992; Cole et al. 2000). Bacteria and heterotrophic
flagellates have long been known to ingest allochthonous
carbon molecules (Sherr et al. 1988; Tranvik 1988),
although it has also been shown that bacteria grow better
with autochthonous carbon (Kritzberg et al. 2004). The
POM carbon values in Lake Saanajiarvi became more
negative only in late spring, when autotrophic algal
biomass increased. Shifts in 6!3C of POM are commonly
observed when changes in phytoplankton biomass occur
(Yoshioka et al. 1994; Gu et al. 1999).

The relative abundances of autotrophic and heterotro-
phic organisms in POM in different seasons were based on
microscope counts and various carbon conversion factors
in our study. The values must therefore be taken with some
caution, because the choice of carbon conversion factor has
a strong effect on the values obtained. Bacteria abundances
in our study were converted to biomass using a measured
biovolume of 0.07 um3 per cell in July and a coefficient of
308 fg C um~—3 (Fry 1988). However, bacteria biovolumes
may change on a seasonal basis; in nearby ephemeral
ponds, the volumes increase 25% between spring and
midsummer (T. Roiha unpubl.). Similarly, the proportion
of algal carbon in POM is influenced by the ratio of carbon
to Chl @, which may vary greatly according to season,
irradiance, and productivity (Leavitt and Carpenter 1990),
but it is usually about 35 for oligotrophic lakes (Riemann et
al. 1989), and for Lake Saanajarvi phytoplankton, it was
calculated as 40. Nevertheless, and keeping these cautions
in mind, we argue that the very pronounced seasonal shifts
we calculated for autotrophic and heterotrophic organisms
in POM are real and give a good estimation of the changes
in composition of POM in different seasons.

A point of contention relates to the way in which to
accurately discriminate between the natural mixture of
edible and nonedible carbon in the putative food sources.
Microbial fractionation of carbon from diet to consumer is
thought to be between 0%o and 1%o (Michener and Schell
1994). In Lake Saanajirvi, there was a 0.5%o0 to > 3%o
difference between POM and zooplankton carbon signa-
tures. Such differences could indicate that zooplankton may
not feed on POM in times when there is a large difference
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between zooplankton and POM 613C, but rather this
difference highlights the challenges in the use of stable
isotopes in oligotrophic systems (Marty and Planas 2008).
When algae make up < 20% of the bulk POM, a common
situation in northern water bodies (Alexander et al. 1980;
Rautio and Vincent 2006; Mariash et al. in press), the 613C
POM does not provide a good estimation of the phyto-
plankton carbon, as opposed to systems where pelagic food
webs are driven by phytoplankton (del Giorgio and France
1996). In situations where algae contribute little to POM, the
013C of POM is an indicator of a baseline food source that is
a mixture of different organic particles with detritus
dominating (Martineau et al. 2004; Rautio and Vincent
2006). In such systems, the true food source 6!3C values may
be masked by values of inedible particles, and hence the
identification of trophic links becomes challenging.

Our seasonal isotope data, however, allowed us to bypass
the influence of detritus dominance in POM because the
seasonal shifts in ¢13C POM, and the zooplankton responses
to them, were more important than overlapping carbon
signatures in detecting trophic links. The similarity in the
shape of 613C curves of POM and D. umbra indicates a strong
coupling between the two throughout the year. Further, the
seasonal DOM quality analyses, microscopic biomass counts,
and the applied mixing models indicate that D. umbra grazed
in summer mainly on autochthonous organisms and shifted to
a allochthonous carbon-supported bacterial and flagellate
diet in winter. Daphnids need a constant supply of food
(Lampert and Muck 1985), and in lakes where they do not
produce resting eggs in winter (Larsson and Wathne 2006),
they must change diet according to its availability. The
unselective feeding behavior of daphnids (Monakov 2003) is
likely one key element to their survival and to staying active in
winter. Daphnia populations that exhibit a life history with
winter dormancy may be less dependent on allochthonous
carbon as a supplementary diet. For example, Daphnia
hyalina in Loch Ness has been reported to grow primarily
in summer and autumn and derive almost 100% body carbon
from algal sources (Grey et al. 2001).

C. abyssorum and its subspecies are known to have
different feeding habits that vary among lakes, from
herbivory (Whitehouse and Lewis 1973; Hopp and Maier
2005) to predation (Fryer 1957) to cannibalism (Vanden-
bosch and Santer 1993). In Lake Saanajérvi, both C.
abyssorum and E. graciloides were herbivorous/omnivorous
and occupied the same trophic level, as indicated by their
015N stable isotope signatures (M. Rautio unpubl. data).
During summer, their carbon signatures indicated reliance on
POM, and, according to the mixing models, they were
selectively feeding on the autochthonous component of the
POM. Autochthonous carbon accounted for 47-100% of E.
graciloides carbon and 53-100% of C. abyssorum as a
summer mean, respectively. Lowest values, i.e., highest
reliance on allochthonous carbon, were obtained when the
model assumed phytoplankton to be the only autochthonous
component in the POM, while highest values, i.e., 100%
reliance on autochthonous carbon, were obtained when 73%
of heterotrophic bacteria production was assumed to be
based on autochthonous carbon. Putative food sources,
heterotrophic flagellates and ciliates, were present in Lake
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Saanajdrvi in winter, but both copepod species apparently
did not show any sign of feeding during winter. The carbon
signatures of both species were constant during the 8 months
of winter, displaying in each winter sample a value of 613C
that was close to the 613C of POM at the beginning of winter.
Starvation experiments and lipid data from these copepods
also suggest that they survive the whole winter with no food,
with very low metabolism, and using the storage lipids
accumulated during the open-water period for reproduction
that occurs in winter (M. Rautio unpubl.). Active grazing
during the long period of food scarcity would have increased
the metabolic rate and perhaps resulted in an unfavorable
cost-benefit situation in grazing effort versus gained energy.

Subarctic copepods have been suggested to shift to a
benthic diet in winter (Karlsson and Sawstrom 2009). There
is some evidence of this from a Swedish lake located 100 km
SW from Lake Saanajirvi, where zooplankton 6!3C values
became heavier and closer to the benthic community carbon
signature in winter. The benthic community ¢13C value in
Lake Saanajarvi ranges from —14.5%o in the littoral zone to
—24.6%o at a depth of 24 m (M. Rautio unpubl. data), and
no evidence of benthic feeding was observed in our data set.
This suggests that the life history and feeding strategy of
zooplankton may vary greatly among lakes, even in the same
climatological region. The life history of copepods in Lake
Saanajarvi appears to alternate between summer feeding and
winter fasting phases. Similar life histories are known for
subarctic and arctic marine plankton as an adaptation to
long periods of food scarcity (Lee et al. 2006; Boer et al.
2007), but to our knowledge, they have not been reported for
freshwater zooplankton.

Recent evidence from carbon stable isotopes has
demonstrated that an important portion (up to 50%) of
lake POM and zooplankton carbon is derived from
terrestrial sources (Meili et al. 1996; Grey et al. 2001;
Carpenter et al. 2005). These high values have been
obtained using mass balance calculations that consider all
carbon that does not contain Chl « as allochthonous
carbon (Pace et al. 2004; Taipale et al. 2007). We take a
more conservative approach here and argue that in certain
situations, the models estimate autotrophic and heterotro-
phic rather than autochthonous and allochthonous carbon
reliance. For instance, heterotrophic flagellates and bacte-
ria lacking Chl ¢ may use DOC with autochthonous origin
directly or indirectly as their energy source (Kritzberg et al.
2004; Hobbie and Laybourn-Parry 2008). When they were
added to the mixing model as an autochthonous carbon,
with proportions (49% =+ 24%; Ask et al. 2009) known to
exist in similar subarctic lakes as Lake Saanajdrvi, the
zooplankton reliance on allochthonous carbon substantial-
ly decreases. However, when assuming that a large
proportion (> 50%) of heterotrophic bacteria grows on
autochthonous carbon, the mixing model provides negative
values, suggesting that heterotrophic bacteria production in
Lake Saanajérvi is likely not highly autochthonous carbon
based. In general, depending on the definition of §13C,, in
the mixing model, the model gives for most of the year very
different estimations for the percent allochthonous carbon
used by zooplankton. This clearly illustrates how sensitive
mixing models are to the way 613C POM is partitioned into
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autochthonous and allochthonous components. The sea-
sonal changes in the relative use of autochthonous versus
allochthonous carbon are most likely true, but the actual
values vary among models and depend on the availability
and use of autochthonous carbon by heterotrophic
bacteria, and this may vary largely on a seasonal basis
and among lakes (Kritzberg et al. 2004; Ask et al. 2009).

In addition, a cold-temperature influence on stable
isotope turnover rates needs to be considered, and the
subsequent influence on the mixing model results. The cold
temperatures of winter slow consumer metabolism, growth,
and the rate at which the isotopic signature changes
following a dietary change (Frazer et al. 1997; Kaufman
et al. 2008; Buchheister and Latour 2010). Arctic crustaceans
have been reported to have a temperature-dependent
turnover in stable isotopes; 013C half-life = 14 d at 4°C
and 19 d at 1°C (Kaufman et al. 2008), while Antarctic krill
had replaced < 30% of their carbon in 10 weeks at 1.5°C
(Frazer et al. 1997). In Lake Saanajarvi, temperatures in
winter were < 1.5°C and likely slowed down the 613C
turnover in zooplankton. Differences in 613C between D.
umbra and POM in winter may well be an indicator of slow
O13C turnover rate in D. umbra and may have had an
influence on the mixing model estimations, especially on the
unrealistic > 100% values obtained for May samples.
During that time, D. umbra may have already been feeding
on the increasing phytoplankton component of the POM but
still, because of slow isotopic turnover, displayed the 613C
values from winter. Copepods that feed only in summer,
when they also grow quickly, did not show such a slow
isotopic turnover rate. Their 6!13C value was highly and
significantly correlated with the changes in the 613C POM.

The cool ambient conditions of winter also slow
zooplankton feeding rates and secondary production, albeit
winter did not preclude the large standing stock of
secondary production under the ice. With light limitation,
low temperatures, and slow nutrient cycling, primary
productivity is reduced, which in turn limits secondary
production. However, the rate-limiting response of second-
ary production is species-specific. For instance, copepods
and cladocerans have different metabolic means to cope in
cold temperatures. Copepods are able to change their
cellular components to more highly unsaturated fatty acids
in winter, while cladocerans rely on different fatty acids to
maintain cellular fluidity (Smyntek et al. 2008; Mariash et
al. in press). These physiological adaptations ultimately
affect diet and feeding rates of cold-tolerant species, which
was also the case in this study, where copepods in cold
winter temperatures stopped feeding but D. umbra contin-
ued feeding on heterotrophic food items.

Several studies have indicated that lake phytoplankton
production is insufficient to support aquatic food webs
(Salonen et al. 1992; Pace et al. 2004; Christoffersen et al.
2008). Lake Saanajérvi is a relatively large clear-water lake
where the high variation in ambient air temperature largely
controls the timing and volume of terrestrial runoff,
causing two distinctive seasonal peaks. The first is at the
time of snowmelt in spring, and another occurs in early
winter, when air temperatures fluctuate below and above
zero for some weeks, causing fresh snow to flush into the

lake carrying constituents from the catchments area. The
changes in hydrology together with seasonally changing
biomass of primary producers were detectable in our results
of SUVA, 613C, and microscope counts. All these
parameters indicate less influence of allochthonous carbon
on lake food webs in summer than in winter, but they do
not rule out the possibility that a part of the heterotrophic
productivity in the lake was fueled by DOC or detritus
originating from autochthonous carbon. As a consequence
of the lack of algae in the water column, the D. umbra
population was dependent on the nonphytoplankton
carbon during winter.

Meili et al. (1996) and Pace et al. (2007) have reported a
similar high dependence of Daphnia on nonphytoplankton
carbon. According to their calculations, > 30% of Daphnia
diet came from allochthonous carbon, while the copepod
Leptodiaptomus minutus was almost completely supported
by autochthonous carbon (Pace et al. 2007). Meili et al.
(1996) found that in the cladocerans Daphnia cristata and
Bosmina coregoni, 40% =+ 15% of body carbon was of
allochthonous origin, and that E. graciloides consumed less
(25% =+ 20%) allochthonous carbon—derived food than
cladocerans. According to the mixing models, a similar
ranking of cladocerans and copepods occurred also in Lake
Saanajarvi, with D. umbra carbon originating more often
from allochthonous carbon than the carbon of the copepods.

Arctic lake zooplankton need to react rapidly to summer
resources in order to gain their growth and essential fatty
acids during the few months in summer when phytoplankton
diet is available. All the zooplankton in Lake Saanajarvi
were highly responsive to shifts in POM carbon signatures in
summer, which were driven by the increase of phytoplank-
ton biomass. Secondary aquatic consumers are dependent
on the dietary highly unsaturated fatty acids eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA), which
are obtained mainly from phytoplankton (Brett and Miiller-
Navarra 1997; Miiller-Navarra et al. 2000). Because EPA
and DHA cannot be synthesized de novo in zooplankton or
in other higher organisms, the importance of allochthonous
carbon in lake food webs has been criticized (Brett et al.
2009). However, Daphnia sp. has been shown to grow and
produce offspring even when supported only by allochtho-
nous carbon, although much less so than with a phyto-
plankton diet (Brett et al. 2009). In light of our results, we
argue that the cladocerans in Lake Saanajarvi could not
have survived the 8 winter months under the ice if they had
not been able to utilize food sources driven by allochthonous
carbon. We further argue that when autochthonous carbon
is very low or absent, allochthonous carbon—fueled second-
ary food sources become critical for the survival of aquatic
organisms. This occurs especially in northern lakes during
winter, but possibly in many other lakes too, such as in
boreal humic lakes that are dominated by allochthonous
carbon and where strong light absorption inhibits phyto-
plankton productivity.
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JokINEN, ILMARI, Immunoglobulin production
by cultured lymphocytes of patients with
rheumatoid arthritis: association with disease
severity. 78 p. Yhteenveto 2 p. 1992.
PuNNONEN, EEva-Lisa, Ultrastructural studies
on cellular autophagy. Structure of limiting
membranes and route of enzyme delivery.

77 p. Yhteenveto 2 p. 1993.

Hamvi, Jari, Effects of earthworms on soil
processes in coniferous forest soil. 35 p.
Yhteenveto 2 p.1993.

ZHA0, GUOCHANG, Ultraviolet radiation induced
oxidative stress in cultured human skin
fibroblasts and antioxidant protection. 86 p.
Yhteenveto 1 p. 1993.

RATTI, OsMo, Polyterritorial polygyny in the
pied flycatcher. 31 p. Yhteenveto 2 p. 1993.
MarjomAKl, VArPU, Endosomes and lysosomes
in cardiomyocytes. A study on morphology
and function. 64 p. Yhteenveto 1 p. 1993.
KiHLsTROM, MARKKU, Myocardial antioxidant
enzyme systems in physical exercise and
tissue damage. 99 p. Yhteenveto 2 p. 1994.
Muotka, Tivo, Patterns in northern stream
guilds and communities. 24 p. Yhteenveto

2 p. 1994
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p- 1994.

KERVINEN, Jukka, Occurrence, catalytic
properties, intracellular localization and
structure of barley aspartic proteinase.

65 p. Yhteenveto 1 p.1994.

MaPPES, JOHANNA, Maternal care and
reproductive tactics in shield bugs. 30 p.
Yhteenveto 3 p. 1994.

SnkAMAKI, PIRKKO, Determinants of clutch-size
and reproductive success in the pied
flycatcher. 35 p. Yhteenveto 2 p. 1995.
Mareres, Tario, Breeding tactics and
reproductive success in the bank vole. 28 p.
Yhteenveto 3 p. 1995.

LAITINEN, MARKKU, Biomonitoring of
theresponses of fish to environmental stress.
39 p. Yhteenveto 2 p. 1995.

LappALAINEN, PEKKA, The dinuclear Cu centre of
cytochrome oxidase. 52 p. Yhteenveto 1 p.
1995.

RiNTAMAKI, PEKKA, Male mating success and
female choice in the lekking black grouse. 23 p.
Yhteenveto 2 p. 1995.

SuuroNEN, TiNa, The relationship of oxidative
and glycolytic capacity of longissimus dorsi
muscle to meat quality when different pig
breeds and crossbreeds are compared. 112 p.
Yhteenveto 2 p. 1995.

Koskennieml, Esa, The ecological succession
and characteristics in small Finnish
polyhumic reservoirs. 36 p. Yhteenveto 1 p.
1995.

Hovi, MarTi, The lek mating system in the
black grouse: the role of sexual selection. 30 p.
Yhteenveto 1 p. 1995.
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MARTTILA, SALLA, Differential expression of
aspartic and cycteine proteinases, glutamine
synthetase, and a stress protein, HVAI, in
germinating barley. 54 p. Yhteenveto 1 p. 1996
Hunra, Esa, Effects of forest fragmentation on
reproductive success of birds in boreal forests.
26 p. Yhteenveto 2 p. 1996.

OjALA, JoHANNA, Muscle cell differentiation in
vitro and effects of antisense oligode-
oxyribonucleotides on gene expression of
contractile proteins. 157 p. Yhteenveto 2
p-1996.

PaLomAki, Risto, Biomass and diversity of
macrozoobenthos in the lake littoral in
relation to environmental characteristics. 27 p.
Yhteenveto 2 p. 1996.

Pusentus, Jyrki, Intraspecific interactions, space
use and reproductive success in the field vole.
28 p. Yhteenveto 2 p. 1996.

SALMINEN, JANNE, Effects of harmful chemicals
on soil animal communities and
decomposition. 28 p. Yhteenveto 2 p. 1996.
KortiaHo, JANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

KoskELA, JuHa, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

NAARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p.1997.

Ano, Teya, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

HaapraranTa, Anri, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.

(112 p.). Yhteenveto 3 p. 1997.

Somasuo, Markus, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.
MikoLa, Juna, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p.1997.

RAHKONEN, RuTTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.

(69 p.). Yhteenveto 3 p. 1998.

KoskeLa, Esa, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.
Horng, Tana, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.
PIRHONEN, JUHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

Laakso, Joun, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.
NikuLa, Tuomo, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.
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AIRENNE, KaR1, Production of recombinant
avidins in Escherichia coli and insect cells.

96 p. (136 p.). Yhteenveto 2 p. 1998.
LyyTIKAINEN, TAPANI, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).

Yhteenveto 1 p. 1998.

VIHINEN-RANTA, MAA, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.

(96 p.). Yhteenveto 1 p. 1998.

MARTIKAINEN, Esko, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p- (137 p.). Yhteenveto 1 p. 1998.

AHLROTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).

Yhteenveto 1 p. 1999.

VIROLAINEN, KAIja, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

SELIN, PIRKKO, Turvevarojen teollinen kdytto ja
suopohjan hyodyntaminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p- Executive summary 9 p. 1999.

LErPPANEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
rédisten yhdisteiden ymparistokohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistdissd. 45 p. (149 p.).

Yhteenveto 2 p.1999.

LinpsTrROM, LEENA, Evolution of conspicuous
warning signals. - Nikyvien varoitussignaa-
lien evoluutio. 44 p. (96 p.). Yhteenveto 3 p.
2000.

MarriLa, ELisa, Factors limiting reproductive
success in terrestrial orchids. - Kimmekoiden
lisdantymismenestysta rajoittavat tekijit. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

KareLs, AarNo, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at biochemical,
individual, populationand community levels.
-Sellu-ja paperiteollisuuden jitevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista seka
populaatio-ja yhteisovasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.
AALTONEN, TuuLA, Effects of pulp and paper
mill effluents on fish immune defence. - Met-
séteollisuuden jitevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.)- 2000.

HEeLeNIUs, MERJA, Aging-associated changes in
NF-kappa B signaling. - Ikddntymisen vaiku-
tus NF-kappa B:n signalointiin. 75 p. (143 p.).
Yhteenveto 2 p. 2000.
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77

86
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88

89

90

91

92

SirroNEN, MaTTi, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.
Lammi, AntTi, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.
Niva, Teuvo, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.
PULKKINEN, KATjA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

PARRI, SiLja, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).

Yhteenveto 2 p. 1999.
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HuoviNeN, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettisdteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja elainplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

PAAKKONEN, JARI-PEKKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
kdyton erityispiirteet: sopeumia pohja-
eldmdan? 33 p. (79 p.). Yhteenveto 2 p. 2000.
LaasoNEN, Pekka, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeldimistoon. 32 p. (101
p-)- Yhteenveto 2 p. 2000.

PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepolykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den jajétteiden anaerobinen késittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

SaLo, HARRi, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
séteilyn vaikutus kalan immunologiseen
puolustusjérjestelméan. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

MustajArvl, Karsa, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijoiden vaikutus pienten makitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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Tikka, PAivi, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden sdilyttaminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

Surari, HeL, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettindon ekologinen mer-
Kkitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden viliset erot rummuttavan
haméahakin Hygrolycosa rubrofasciata) kasvus-
saja kdyttaytymisessd. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

HaapaLa, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten metsdjokien pohja-
eldginyhteisdille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
p- 2001.

NissINEN, Liisa, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava séétely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.
AHLROTH, MERVI, The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tihea
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

HYOTYLAINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation. - Kreosootilla saastuneen
jarvisedimentin ekotoksikologisen riskin

ja kunnostuksen arviointi. 59 p. (132 p.)
Yhteenveto 2 p. 2001.

SuLkava, PEkkaA, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperén elioyhteison ja
hajotusprosessien viliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

LarriNeN, OLLl, Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaternddrirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus seka avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.) Yhteenveto 2 p.2001.

LYYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting

103

104

105

106

107

108

109

110

111

predators. - Hyonteisten véritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

NIKKILA, ANN4, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesielivilla. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

Luri, Mira, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperan
hajottajaelidston monimuotoisuuden merkitys
metsdekosysteemin toiminnassa ja héirion-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.
KoskeLa, TaNa, Potential for coevolution in a
host plant - holoparasitic plant interaction. -
Isantdkasvin ja tdysloiskasvin valinen vuoro-
vaikutus: edellytyksid koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

LAPPIVAARA, JARMO, Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

Eccarp, JaNa, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsdmyyran elinkiertopiirteisiin.

29 p. (115 p.) Yhteenveto 2 p. 2002.

NIEMINEN, Jount, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperaravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissd. Sellobiohydrolaasi I:'n, ohran
kysteiiniproteinaasin sekéd vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa. 107
p- (173 p.) Yhteenveto 2 p. 2002.

TuroLA, MaRrjA, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kayttd bakteeridiver-
siteetin fylogeneettisessd analyysissa. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkAavaARa, JoHANNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindsn
ekologinen merkitys hedelmi& sydvien eldin-
ten ja hedelmékasvien viélisissd vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MARTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen sekid
oligomerisaation muokkaus: uusia tydkaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, JaRy, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikisittelyn
vaikutus yhdyskuntajétteen biohajoamiseen ja
typpipéddstojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OkxsaNEeN, TuuLa, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddantymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENoO, JaNI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys sekd merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KortET, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisdé@ntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLampl, JuHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAvINEN, Jusst, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissd eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkdrangattomien, vesisammalten ja kalojen

122

123

124

125

126

127

128

129

130

131

yhteisorakenne pohjoisissa virtavesissa -
sddnnonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihdmahékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, Prasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, Jani, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLuND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestavyyden ja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAkl, TiMo J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

Ponni, Tia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, Hong, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisddntyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kayttdytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumpuLAINEN, Tomi, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisdantymisstrategioiden evoluutio ja sdily-
minen pussikehrédjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirst, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittiminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-L1isa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MR, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujarvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PETRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, Nina, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, ANssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan vililla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, MAR1, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissd. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HyYNYNEN, JuHANI, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteisjen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PArvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.

TorLvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto

4 p. 2004.

Boapr, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympa-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jéitevesista
yhdyskuntajitevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

KarisoLa, Piia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pédéallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteistjen rakenteeseen ja kehitykseen
vaikuttavat tekijat sisavesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintimenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienvéliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.



152

153

154

155

156

157

158

159

160

161

162

163

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

HaxaLaHTI, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming;:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalatja ultraviolettisateily: UV-sateilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VaNIkkA, ANssl, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sérkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteist6- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, Host manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.
SuurINtEMI, Mi11A, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seké virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INES, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijitteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KaTJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissa. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JonN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kayttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdantymisen kustannukset jyvéakuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OjaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MariLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6vén suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdaminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KatLio, Eva R., Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsaimyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PirLaja, MaRrjo, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, Mira, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SinisaLo, TuuLa, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Peraimeren ja Saimaan norpan
suolistoloisyhteisot ja niiden hyodyntdminen
hylkeen yksilollisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.
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ToivaneN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwic, GILBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijat. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KEerora, Tarmo, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TUOMAS, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BANDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnén ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

Rourrty, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakéarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BenEesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakakarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyvaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p.2007.

TaIPALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjarvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIkkO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorRMUNEN, Kar Markus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hydodyntamiseksija
pééstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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188

189

190

191

192

193

194

195

196

dynamics and diversity.- Ympariston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JaR], Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartiLa, NiNa, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UrLa, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisddnmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KEeskiNEN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkéytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tirkeiden proteiinien tuotto hyonteissolussa
seké niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpsteEDT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavat vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BoMmAN, SANNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
levidmismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisddanmeno ihmisen syopasoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.
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KakkoNEN, ELINA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisaanmenon reitit ja
saately. 96 p. (159 p.) Yhteenveto 2 p. 2009.
TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit — tuotto ja kaytto
kartoituksessa. 93 p. (164 p.) Yhteenveto 3 p.
2009.

TrEBATICKA, LENKA, Predation risk shaping
individual behaviour, life histories and
species interactions in small mammals. -
Petoriskin vaikutus yksilon kéyttaytymiseen,
elinkiertopiirteisiin ja yksildiden vélisiin
suhteisiin. 29 p. (91 p.) Yhteenveto 3 p. 2009.
PIETIKAINEN, ANNE, Arbuscular mycorrhiza,
resource availability and belowground
interactions between plants and soil microbes.
- Arbuskelimykorritsa, resurssien saatavuus ja
maanalaiset kasvien ja mikrobien viliset
vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

AROVIITA, JUKKA, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Sayja, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PakkANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MarkkuLa, EvELINg, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
disease resistance. - Ultravioletti B -sdteilyn
vaikutus kalan taudinvastustuskykyyn ja
immunologisen puolustusjdrjestelmén toimin-
taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
IHALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kunttu, Hepl, Characterizing the bacterial fish
pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity. - Kalapato-
geeni Flavobacterium columnare -bakteerin
ominaisuuksia ja patogeenisuuteen vaikutta-
via tekijoitd. 69 p. (120 p.)

Yhteenveto 3 p. 2010.

KotiLAINEN, TiTTA, Solar UV radiation and
plant responses: Assessing the methodo-
logical problems in research concerning
stratospheric ozone depletion . - Auringon
UV-siteily ja kasvien vasteet: otsonikatoon
liittyvien tutkimusten menetelmien arviointia.
45 p. (126 p.) Yhteenveto 2 p. 2010.
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ENoLA, JuHa, Biotic oxidation of methane in
landfills in boreal climatic conditions . -
Metaanin biotekninen hapettaminen kaatopai-
koilla viile&ssa ilmastossa. 101 p. (156 p.)
Yhteenveto 3 p. 2010.

PIROINEN, SAIJA, Range expansion to novel
environments: evolutionary physiology and
genetics in Leptinotarsa decemlineata. - Lajien
levinneisyysalueen laajeneminen:
koloradonkuoriaisen evolutiivinen fysiologia
ja genetiikka. 51 p. (155 p.) Yhteenveto 3 p.
2010.

NiskaNEN, EINARI, On dynamics of parvoviral
replication protein NS1. - Parvovirusten
replikaationproteiini NS1:n dynamiikka.

81 p. (154 p.) Yhteenveto 3 p. 2010.

PEkkALA, SATU, Functional characterization of
carbomoyl phosphate synthetase I deficiency
and identification of the binding site for
enzyme activator.- Karbamyylifosfaatti
syntetaasi I:n puutteen patologian toiminnalli-
nen karakterisaatio ja entsyymin aktivaattorin
sitoutumiskohdan identifikaatio.

89 p. (127 p.) Yhteenveto 2 p. 2010.

Harmg, Panu, Developing tools for
biodiversity surveys - studies with wood-
inhabiting fungi.- Tyokaluja monimuotoisuus-
tutkimuksiin - tutkimuskohteina puulla elavat
sienet. 51 p. (125 p.) Yhteenveto 2 p. 2010.
JaLasvuori, MATTI, Viruses are ancient
parasites that have influenced the evolution of
contemporary and archaic forms of life. -
Virukset ovat muinaisia loisia, jotka ovat
vaikuttaneet nykyisten ja varhaisten elaman-
muotojen kehitykseen. 94 p. (192 p.) Yhteenve-
to 2 p. 2010.

PosriLa, PExka, Dynamics of the ligand-
binding domains of ionotropic glutamate
receptors. - lonotrooppisten glutamaatti-
reseptoreiden ligandin-sitomisdomeenien
dynamiikka. 54 p. (130 p.) Yhteenveto 3 p.
2010.

PoikoNeN, Tanja, Frequency-dependent
selection and environmental heterogeneity as
selective mechanisms in wild populations.

- Frekvenssistad riippuva valinta ja ympariston
heterogeenisyys luonnonvalintaa ohjaavina
tekijoind luonnonpopulaatiossa. 44 p. (115 p.)
Yhteenveto 4 p. 2010.

KEKALAINEN, JUKKA, Maintenance of genetic
variation in sexual ornamentation - role of
precopulatory and postcopulatory sexual
selection. - Seksuaaliornamenttien geneettisen
muuntelun siilyminen - parittelua edeltidvan
ja sen jdlkeisen seksuaalivalinnan merkitys.
52 p. (123 p.) Yhteenveto 3 p. 2010.

SYRJANEN, JuKkka, Ecology, fisheries and
management of wild brown trout populations
in boreal inland waters. - Luontaisten taimen-
kantojen ekologia, kalastus ja hoito pohjoisilla
sisédvesilld. 43 p. (108 p.) Yhteenveto 3 p. 2010.
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RuskaMoO, SALLA, Structures, interactions and
packing of filamin domains. -
Filamiinidomeenien rakenteet, vuoro-
vaikutukset ja pakkautuminen. 50 p. (108 p.)
Yhteenveto 1 p. 2010.

HoNkaNEN, MERjA, Perspectives on variation
in species richness: area, energy and habitat
heterogeneity. - Pinta-alan, energian ja
elinymparistojen monimuotoisuuden suhde
lajimaaraan. 46 p. (136 p.) Yhteenveto 2 p.
2011.

TivoNEN, JonNa, Woodland key habitats.

A key to effective conservation of forest
biodiversity. - Avainbiotooppien merkitys ta-
lousmetsien monimuotoisuuden sdilymiselle.
33 p. (141 p.) Yhteenveto 2 p. 2011.

NURMINEN, ELisa, Rational drug discovery.
Structural studies of protein-ligand
complexes. - Rationaalinen lddkeainesuunnit-
telu. Proteiini-ligandi rakennekokonaisuuk-
sien tutkimus. 56 p. (113 p.) Yhteenveto 2 p.
2011.

URPANEN, OLL1, Spatial and temporal variation
in larval density of coregonids and their
consequences for population size estimation
in Finnish lakes. - Muikun ja siian poikas-
tiheyksien spatiaalinen ja ajallinen vaihtelu ja
sen vaikutukset poikasmédrdarviointiin. 49 p.
(94 p.) Yhteenveto 3 p. 2011.

JyvisjArvi, Jussi, Environmental drivers of
lake profundal macroinvertebrate community
variation - implications for bioassessment.

- Jarvisyvanteiden pohjaeldinyhteisoja
sddtelevat ymparistotekijat ja niiden merkitys
jarvien biologisen tilan arvioinnissa. 52 p.
(123 p.) Yhteenveto 3 p. 2011.

KorvuneN, Jarkko, Discovery of a2f1 integrin
ligands: Tools and drug candidates for cancer
and thrombus. - a2f31-integriiniligandien
suunnittelu; lddkeaihioita ja tyokaluja syovan
ja veritulpan hoitoon. 55 p. (111 p.) Yhteen-
veto 2 p. 2011.

MOKKONEN, MIKAEL, Evolutionary conflicts in
a small mammal: behavioural, physiological
and genetic differences between the sexes.

- Sukupuolten vilinen konflikti: kiyttayty-
miseen, fysiologiaan ja genetiikkaan liitty-
vistd ristiriidoista pikkunisakkailla. 60 p. (130
p.) Yhteenveto 2 p. 2011.

KorHoNEN, Esko, Puhtauspalvelut ja tyoym-
péristo. Ostettujen siivouspalveluiden laadun
mittausmenetelmiit ja laatu seké siivouksen
vaikutukset sisdilman laatuun, tilojen kayt-
tdjien kokemaan terveyteen ja tyon tehokkuu-
teen toimistorakennuksissa. - Methods for
evaluating the quality of cleaning, the factors
that influence the quality of cleaning, and
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