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Abstract

Because of major biochemical imbalances between plants and animals, ecological efficiency at this interface may
have a major impact on overall energy flow in ecosystems. In order to study relationships between seston food
quality and energy transfer between primary producers and herbivores, we conducted five microcosm experi-
ments in Castle Lake, California, USA during the summer of 1996. We simultaneously performed life table ex-
periments to determine the effects of highly unsaturated fatty acids (HUFA) on Daphnia rosea growth, repro-
duction and survival. The results of these experiments suggest strong energy limitation of D. rosea growth in
Castle lake during the study. D. rosea production was coupled with primary production in Castle Lake and in the
microcosm experiments. D. rosea production efficiencies, i.e., the ratios of D. rosea productivity to primary pro-
ductivity, decreased towards the end of the summer. A food quality index based on phytoplankton species com-
position and seston carbon to phosphorus (C:P) ratio were good predictors of D. rosea production efficiencies.
The predicted D. rosea production pattern based on phytoplankton composition and primary productivity matched
the zooplankton biomass dynamics in Castle Lake during 1991. Life table experiments showed HUFA effects on
D. rosea population growth rates, reproduction and survival in support of the HUFA limitation hypothesis.

Abbreviations: C:P — Carbon to Phosphorus, HUFA — Highly Unsaturated Fatty Acids, SAMUFA - Saturated
and Mono-Unsaturated Fatty acids, SFQI — Species Food Quality Index

Introduction Schulz 1998). While food quantity can be easily de-
fined and studied, limnologists have debated what de-
termines seston food quality for zooplankton (Brett

1993; Urabe and Watanabe 1993; Hessen 1993;

Energy in pelagic ecosystems flows from phytoplank-
ton, the primary producers, to zooplankton consum-

ers through the classical food chain and microbial
food webs (Weisse and Stockner 1993). The interface
between zooplankton and the next lower trophic level
shows much variability in energy transfer processes
and the factors affecting the energy transfer efficiency
are still poorly understood (Hilbricht-Ilkowska 1977;
Brett and Miiller-Navarra 1997). Energy flow at the
primary producer and herbivore interface is influ-
enced by both the quality and quantity of food avail-
able for zooplankton (Miiller-Navarra and Lampert
1996; Brett and Miiller-Navarra 1997; Sterner and

Miiller-Navarra 1995a; Gulati and DeMott 1997).

It is generally accepted that Daphnia, large cla-
doceran filter feeders, play a central role in many
freshwater pelagic food webs (Weisse and Stockner
1993; Gaedke and Straile 1998). For Daphnia, phy-
toplankton is a major food source due to its domi-
nance of the seston biomass amongst other possible
foods such as detritus, bacteria, flagellates, and cili-
ates (Lampert 1987; Gaedke 1992). Algal size, sec-
ondary metabolites, digestibility, elemental and bio-
chemical composition have previously been used to
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explain food quality for zooplankton (Miiller-Navarra
and Lampert 1996; Lampert and Sommer 1997).
While algal physiological status may affect food qual-
ity via nutrient limitation, especially phosphorus lim-
itation (Hessen 1992; Urabe and Watanabe 1992;
Sterner 1993; Schulz and Sterner 1999), phytoplank-
ton species composition is also important in the food
quality of the seston in most aquatic environments
(Infante and Litt 1985; Lundstedt and Brett 1991;
Brett and Miiller-Navarra 1997; Brett et al. 2000). In
addition, highly unsaturated fatty acids (HUFA) may
be crucial compounds that determine food quality
based on phytoplankton composition since each algal
phylum tends to have a distinct HUFA composition
(Ahlgren et al. 1990; Napotalino 1999). We defined
HUFA as a subset of PUFA molecules with 20 or
more carbon atoms in this study. Since phytoplank-
ton communities typically show dramatic changes in
their composition in temperate waters (Sommer et al.
1986), zooplankton growth in nature may depend on
the quality of the food available as the phytoplankton
community changes.

Despite the many field studies of phytoplankton
and zooplankton dynamics, there are few studies deal-
ing directly with the food quality impacts of phy-
toplankton composition on zooplankton dynamics in
nature (however, see Kerfoot et al. (1988) and De
Stasio et al. (1995)). The purposes of this study are:
1) to study the relationships between food quality and
production efficiency at the plant-herbivore interface,
and 2) to examine whether HUFA are an important
component of seston food quality using D. rosea life
table experiments. We hypothesized that phytoplank-
ton composition (thus HUFA) and seston carbon to
phosphorus (C:P) ratios are important factors in de-
termining seston food quality. We estimated seasonal
changes in incubated and in situ D. rosea production
efficiencies and related them with a food quality in-
dex based on the phytoplankton community compo-
sition and C:P ratios. We evaluated the relationship
between production efficiency and this food quality
using an independent data set collected from Castle
Lake in 1991.

Material and methods

Study site

Castle Lake is a dimictic, oligo-mesotrophic, subal-
pine lake located in northern California, USA. It has

a mean depth of 11.4 m, a maximum depth of 35 m,
and a surface area of 0.2 km?. The lake has a con-
tinuous limnological sampling record dating back to
1959. During summer stratification, dissolved inor-
ganic nitrogen and phosphorus levels are typically
below 10 ug L~! in the epilimnion. Total phosphorus
concentrations are on average 10 ug L™ during sum-
mer (Brett et al. 1999). Detailed information describ-
ing Castle Lake can be found in Goldman and
DeAmezaga (1984) and Elser et al. (1990), Jassby et
al. (1990).

Lake monitoring

Physical, chemical, and biological parameters in Cas-
tle Lake were monitored weekly from a central sam-
pling station during the months of June to September
1996. Chlorophyll @ was measured at almost daily in-
tervals from epilimnetic water collected with a Van-
Dorn water sampler and pooled from 1, 3, 5, and 7 m
depths. 100-150 ml of the water was filtered through
glass fiber filters (Whatman GF/C), and measured for
chlorophyll a concentration using the fluorometric
method with acid correction after methanol extraction
(Marker et al. 1980). Phytoplankton samples were
collected weekly from the same epilimnetic waters
and preserved with a 1% Lugol’s solution for future
identification. Crustacean zooplankton and their nau-
plii were sampled using vertical tows from the bot-
tom to the surface of the lake during both day and
night, and fixed with a sucrose and 1% Lugol’s solu-
tion. The macrozooplankton were counted and con-
verted to biomass using previously determined dry
weights for Castle Lake zooplankton (Redfield 1979).

Incubation experiment

Five experiments were conducted during the summer
of 1996. Each experiment had control (C) and D. ro-
sea addition (D) treatments. 10 L Cubical polyethyl-
ene containers (i.e., cubitainers®) were used as the
experimental vessels. Each treatment had four repli-
cates except for Exp. 1 which had 5 replicates. Epil-
imnetic water was collected from 1, 3, 5, and 7 m
depths, filtered through an 80 pm zooplankton net to
remove macrozooplankton, and mixed in two 100 L
plastic containers before being transferred to the con-
tainers. Daphnia rosea with eggs were picked by Pas-
teur pipette from lake water collected by vertical and
horizontal tows (n > 500) and then 100 of these were
added randomly to each experimental unit in the D.



rosea addition treatments to a final density of 10
Daphnia L. D. rosea density varied between 0.5 to
15 individual per liter in the epilimnion of Castle
Lake during these experiments. One hundred D. ro-
sea were fixed with a 1% Lugol’s and sucrose solu-
tion for initial biomass estimates. All cubicontainers
were hung on a rectangular PVC pipe rack and incu-
bated in situ at 4 m depth for 7 d. At the end of the
7-d incubation, primary productivity in each container
was measured by the '*C method with a 4-h incuba-
tion from 1100 to 1500 h. 100-150 ml of experimen-
tal water was filtered for chlorophyll a as previously
described. Phytoplankton were collected and fixed
with 1% Lugol’s solution. Phytoplankton were
counted and measured with a Wild inverted micro-
scope using the Utermohl technique (Utermohl 1958).
Crustacean zooplankton were collected by pouring
the contents of the cubicontainers into a bucket with
a 63 pm mesh size screen at the end of the experi-
ments and fixed with a sucrose and 1% Lugol’s solu-
tion. Soluble reactive phosphorus in lake water and
water from incubation experiments was analyzed
within 24 h of collection using the phenolhypochlo-
rite method (Soldrzano 1969). Total phosphorus was
determined by the persulfate digestion method
(Strickland and Parsons 1972). Particulate phospho-
rus concentration was estimated from the difference
between total phosphorus and soluble reactive phos-
phorus concentration in the Lake. Seston carbon con-
centrations were estimated from the relationship be-
tween chlorophyll a and seston carbon data obtained
from Castle Lake during 1997 and 1998. Seston C:P
ratios were calculated from particulate phosphorus
concentrations and estimates of seston carbon con-
centrations for Castle Lake water. Since we estimated
particulate phosphorus concentration indirectly, our
C:P ratios may be underestimated.

Energy transfer efficiency

Production efficiency was used as energy transfer ef-
ficiency in this study according to Hilbricht-Ilkowska
1977):

Production efficiency: P, /P, _,

where P indicates productivity, n denotes the herbi-
vore level and n — I denotes the primary producer
trophic level.

The measurement of secondary production in the
field is complex due to difficulties in measuring the
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zooplankton mortality rate (Brett et al. 1992). For in-
cubation experiments, we used D. rosea biomass in-
crease during incubation as a measure of D. rosea
production. Egg production and neonate biomass in-
crease were regarded as new biomass production dur-
ing incubation assuming no weight increase in adults.
Therefore, our estimates for new biomass production
were partial production estimates. We assumed that a
second clutch would be produced in 4 days and that
neonates were 3 to 7 days old at the end of the ex-
periment. 3- and 7-d-old juvenile dry weights were
estimated using average dry weights of D. rosea
adults (8.2 uyg DW from Redfield (1979)) and eggs
(2.5 pg from D.C. Miiller-Navarra, unpublished data)
in Castle Lake, and average time for D. rosea to ma-
ture (25 d; data in this study) assuming the dry weight
of neonate linearly increase during a given experi-
mental period. We used average dry weight estimates
of 3- and 7-day-old neonates to calculate juvenile bio-
mass. For the calculation of production efficiencies,
D. rosea carbon content was calculated from zoo-
plankton dry weight using a conversion factor of 0.4
(Peters 1983). Mean primary productivity per hour
during the experiment was estimated from the aver-
age of initial and final primary productivity. The pri-
mary productivity in the incubated water at the end
of each experiment was measured with '*C, while
initial primary productivity was estimated using the
ratio between chlorophyll a concentration and pri-
mary productivity from the control treatment in each
experiment. Calculated mean hourly primary produc-
tivity was projected to total primary production dur-
ing the experiment by the ratio of total irradiance
during the experiment to the irradiance during pri-
mary productivity measurement (4 h).

In the monitoring study, productivity of D. rosea
was estimated from the products of their biomass and
estimated growth rates (Sanders and Lewis 1988) dur-
ing the summer growth season. Population birth rate
(b) was used to estimate growth rate (g). It should be
noted that we used the numerical increase rate to es-
timate the biomass growth rate (Paterson et al. 1997).
All intact and loose eggs and embryos of D. rosea
from pooled epilimnetic samples collected during the
day (around 1300 h) and at night (around 2200 h)
were counted for estimation of egg ratios following
the equation of Paloheimo (1974). Primary productiv-
ity in the lake was measured in duplicate with the
standard in situ "*C technique (Goldman 1963, 1968).
Samples were incubated in the lake from 1000 h to
1400 h, and daily productivity was estimated from the
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ratios of solar radiation during the entire day to that
during the incubation period.

Food quality index

Phytoplankton community composition in a lake is
not constant, and typically shows dynamic seasonal
changes (Harris and Piccinin 1980). Many laboratory
growth experiments have shown that different phy-
toplankton taxa have different food quality for zoo-
plankton growth (Infante and Litt 1985; Lundstedt
and Brett 1991). Brett and Miiller-Navarra (1997)
present a food quality rank for 10 species from 5 ma-
jor phytoplankton groups based on the average of the
observed change in individual zooplankter abundance
in growth bioassays using Daphnia, Bosmina and
Chydorus. For these food quality ranks, we averaged
these taxa as follows: cyanobacteria: 0.2, green algae:
0.525, diatoms: 0.7, cryptomonads: 0.95, on a scale
of 0—1. A high value in the food quality rank means
high food quality and vice versa. These average food
quality ranks were then multiplied by the relative bio-
volume of each edible phytoplankton group. This pro-
duced a food quality index for the whole phytoplank-
ton community (species food quality index) with a
range of 0—1. Since most chrysophytes (especially Di-
nobyron spp.) and dinoflagellates in this study were
inedible for D. rosea due to their large size, they were
assigned O in the calculations of the species food
quality index. For phosphorus limitation calculations,
the stoichiometry model for phosphorus and carbon
was used to calculate the expected growth reduction
for D. rosea (Brett et al. 2000). Assuming 300 as the
critical C:P ratio in food and 86 as the D. rosea C:P
ratio (Sterner and Hessen 1994), the predicted reduc-
tion for D. rosea growth would be:

Predicted reduction
=1 — K (predicted)/K (theoretical)
=1-(C:P/C:P)/(C:P_ /300)
=1—300/C:P,

where K_ is carbon growth efficiency of D. rosea,
C:P, is molar C:P ratio in D. rosea, and C:P is molar
C:P ratio in seston. Thus, we used a function of min
(1, 300/C:P,) to estimate P limitation impacts on
seston food quality. Overall food quality index used
in this study was as follows:

Food quality index =
Species Food Quality Index
P limitation

Reduction by
= (Rbegreen’0-2 + Rb ,,,,0.525 + Rb
+ Rb -0.95)*(min(1,300/C:P,))

crypto

0.7

diatoms

where Rb stands for relative biomass of each phy-
toplankton group.

Life table experiment

Since our hypothesis was that HUFA are important in
determining food quality of phytoplankton, the spe-
cies food quality index was expected to be related to
algal HUFA content. In this study, we tried to assess
the importance of HUFA for seston food quality by
adding HUFA emulsions to lake water and feeding
these mixtures to Daphnia in life table experiments.
Three consecutive life table experiments were per-
formed in addition to the incubation experiments con-
ducted during the same field season. Each experiment
had 3 treatments in which D. rosea neonates received
lake water (CONTROL treatment), lake water with
HUFA emulsions added (HUFA treatment), and lake
water with saturated fatty acids (SAFA) and mono-
unsaturated fatty acids (MUFA) emulsions added
(SAMUPFA treatment). We collected epilimnetic wa-
ter at 1, 3, 5, and 7 m depths from the central sam-
pling station. For each treatment, we used 15-18 ne-
onates (< 12 h old) that had been born from D. rosea
collected from Castle Lake the previous night. Each
neonate was placed in a 250 ml beaker containing
treatment water. We used ICES 30/0.6/C for the
HUFA treatments and ICES 0/-/C for the SAMUFA
treatments (Table 1). These standardized emulsions
were made available through the International Coun-
cil for the Exploration of the Sea (ICES)-Working
Group on Mass Rearing of Juvenile Fish (ICES
1994). These enrichment emulsions have been de-
signed to manipulate w3 HUFA concentrations in live
feed organisms for aquaculture (Coutteau and
Sorgeloos 1997). According to Han et al. (2000), the
total lipid content of ICES 30/0.6/C and ICES 0/-/C
were quite similar while ICES 0/-/C was missing @3
PUFA, especially w3 HUFA. These ICES emulsions
have been used for enriching brine shrimp (Artemia)
(Coutteau and Sorgeloos 1997), Daphnia (Boersma
2000) and freshwater zooplankton communities
(Boersma and Stelzer 2000). We used standard HUFA



and SAMUFA emulsions from Laboratory of Aqua-
culture and Artemia Reference Center (University of
Ghent, Belgium) which contained about 37% and 1%
HUFA as a percent of total fatty acid, respectively
(Table 1). The fatty acids in both emulsions are bound
in triacilglycerides (TAG) (Boersma and Stelzer
2000) and contain emulsifiers, antioxidants and lipo-
soluble vitamins (Han et al. 2000). The particle size
of the ICES emulsion are in the range of 1-2 um and
is readily taken up by Daphnia (Boersma 2000). For
the HUFA and SAMUFA treatments, we prepared
fresh ICES 30/0.6/C or ICES 0/-/C emulsions each
day by adding 0.5 g FA L' to dionized water. We
then added 1 ml of these mixtures to raw lake water
in a 250 ml beaker for a final concentration of 2
mg FA L' (0.6 mg HUFA L' in HUFA treatment).
The intent with these additions was to increase the
HUFA composition of the seston to about 40% HUFA
relative to the original dry wt (assuming seston par-
ticulate concentrations of 1.5 mg L~') which is simi-
lar to the HUFA content of highly nutritious crypto-
phytes (Brett and Miiller-Navarra 1997). Since we
added fresh emulsions and changed the lake water
daily, oxidation of unsaturated fatty acids was ex-
pected to be low (McEvoy et al. 1995). SAMUFA
treatment was regarded as a reference treatment for
lipids since the HUFA treatment received more lipids
than did the CONTROL treatment. Neonates were ex-
amined daily for survival, reproduction, and molting.
The first life table experiment was carried out be-
tween June 23™ and August 13" (51 d) while the
second was performed between July 10" and Septem-
ber 12" (64 d) in 1996. The third experiment was
carried out from August 17" until September 18" (32
d) in 1996. This experiment was terminated early be-
cause the field season ended.

Life history traits

The intrinsic rates of population increase (r) were es-
timated from reproductive rates (R,) and cohort gen-
eration time (T,):

r=RyT,
T.=2xImJ/Zlm, and

R,=2lm,,

where 1, indicates the proportion of original cohort
surviving to day x and m, indicates the offspring pro-
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Table 1. Fatty acid (FA) profiles of ICES 0/-/C/2 (30.03.94) and
ICES 30/0.6/C/1 (19/4/96) that we used for our life table experi-
ments. Fatty acid contents are shown in mg g dry weight™'. ND
stands for not detected, SAFA is for saturated fatty acid, UFA is
for unsaturated fatty acid, PUFA is for polyunsaturated fatty acid,
and HUFA is for highly unsaturated fatty acid.

FA ICES 0/-/C/2 ICES 30/0.6/C/1
14:0 129.8 58.6
14:1w5 0.0 1.8
15:0 0.2 4.6
15:1w5 0.1 0.7
16:0 85.7 136.6
16:1w7 0.8 68.1
17:0 0.2 9.2
17:107 0.1 ND
18:0 24.0 19.2
18:1w9 64.0 92.7
18:1w7 1.8 38.0
18:2w6-tras 0.0 1.0
18:2wb6-cis 45.8 447
18:3w6 ND 1.6
18:3w3 4.1 10.6
18:4w3 0.1 16.3
20:0 0.8 1.2
20:109 0.5 6.7
20:2w6 0.1 1.2
20:3w6 ND 0.8
20:4w6 ND 9.5
20:4w3 ND 6.2
22:0 0.5 ND
20:5w3 1.4 147.9
21:5w3 ND 6.4
22:4w6 ND 1.0
22:5w6 ND 4.0
22:4w3 ND 0.7
24:0 0.3 ND
22:5w3 0.2 22.3
24:109 ND 3.2
22:6w3 1.3 107.5
FA 361.8 822.3
SAFA 241.5 229.4
UFA 120.3 592.9
PUFA 53.0 381.7
w3-PUFA 5.8 317.9
w3-HUFA 3.0 307.5
w3-HUFA/FA (%) 0.83 37
DHA/EPA 0.73

duced per survivor on day x. The Jackknife method
was used to generate pseudo r values and to calculate
their standard errors (Meyer et al. 1986). We used
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Figure 1. (a) Irradiance and (b) water temperature at 0 m and 4 m
depth in Castle Lake in 1996. Bars in lower panel indicate incuba-
tion experiment periods.

pseudo r values generated by Jackknifing for statisti-
cal comparisons of the intrinsic population growth
rates. Scheffe’s F test was used to compare each treat-
ment using Statview™ II.

Results
Light and water temperature in Castle Lake

Light and water temperatures were quite stable dur-
ing experimental periods except for Experiment 1
(Figure 1), when both epilimnetic irradiance and wa-
ter temperature were lower compared to other experi-
mental periods. For the rest of the experimental pe-
riod, irradiance and water temperature were around
500 uE m~2 sec™!' and 20-21 °C, respectively, at 4 m
depth.

Phytoplankton and zooplankton assemblage changes
in the lake

Chlorophyll a levels in the pooled epilimnetic sam-
ples from Castle Lake averaged = 1 pg L™! in early
summer and increased to =~ 2 ug L' in late summer
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Figure 2. (a) Chlorophyll a, (b) phytoplankton assemblage, and (c)
crustacean macrozooplankton biomass in Castle Lake during sum-
mer 1996. Bars in the top panel indicate incubation experiment pe-
riods.

(Figure 2a), which is fairly typical for Castle Lake
(Miiller-Solger et al. 1997). This suggests the avail-
ability phytoplankton as food for zooplankton was
very limited during these experiments. During this
period, the phytoplankton community showed signif-
icant changes in its species composition (Figure 2b).
Diatoms dominated the phytoplankton community
during early summer, while cyanobacteria and chrys-
ophytes dominated towards end of summer. The dom-
inant taxa in the chrysophyte group were Dinobryon
sp., which form large, inedible colonies. The D. ro-
sea population and total crustacean biomass was rela-
tively high in the early summer and decreased to-
wards the end of summer (Figure 2c).

Food quality and production efficiency in Castle
Lake

As expected, phytoplankton species food quality de-
creased toward the end of summer 1996 as diatoms
were replaced by cyanobateria and chrysophytes.
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Figure 3. Temporal change of (a) the species food quality index
(SFQI) and molar C:P ratios of seston, and (b) primary and Daph-
nia rosea productivity in the epilimnion of Castle Lake, 1996.

Also, seston C:P ratios increased to values higher than
300 by the middle of August 1996 (Figure 3a). In
Castle Lake, primary productivity and D. rosea pro-
ductivity exhibited considerable variability in the
summer of 1996 (Figure 3b). They showed similar
patterns in July and in the beginning of August, but
showed large discrepancies in June and after the mid-
dle of August. The estimated food quality index from
the species food quality index and seston C:P ratio
matched with change in D. rosea production effi-
ciency in Castle Lake, although early D. rosea pro-
duction efficiencies were lower than expected based
on seston food quality (Figure 4). Including seston
C:P ratio when calculating the estimated food quality
strengthened this correlation, especially in the late
summer.

Food quality and production efficiency in
incubation experiments

In the incubation experiments, primary production
and D. rosea production showed similar unimodal
patterns, with the highest values in the third experi-
ment (Figure 5a). Estimated D. rosea production
showed patterns similar to that of primary production
in the incubation experiments (Figure 5b). Daphnia
rosea production efficiencies in the incubation exper-
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Figure 4. Daphnia rosea production efficiency (ETE) in the epil-
imnion of Castle Lake, 1996. Food quality index was calculated
from the Species Food Quality Indices modified with seston C:P
ratio (SFQI*CP) or from only species food quality indices (SFQI).

iments showed a pattern very different from primary
productivity and D. rosea production patterns, de-
creasing until the 4" experiment (Figure 5¢). The
lower production efficiencies might be due to higher
abundance of inedible species such as the large-col-
ony forming chrysophyte Dinobryon sp. and the
large-celled dinoflagellate Gymnodinium sp. How-
ever, the edible fraction of phytoplankton biovolume
did not correlate well with production efficiency. D.
rosea production efficiency in the incubation experi-
ments was significantly correlated with seston food
quality as estimated by the species food quality index
and C:P ratio, although D. rosea production efficiency
in the second experiment (2" in seston food quality)
was lower than that expected based on this index
(Figure 6). Also, D. rosea production efficiencies in
the microcosm experiments were somewhat lower
than those observed in Castle Lake.

Projection to 1991 data set

To evaluate the relationship between seston food
quality and zooplankton production efficiency found
from D. rosea treatments, we examined unpublished
Castle Lake 1991 data (Figure 7). From the 1991 data
set, primary productivity, D. rosea biomass and phy-
toplankton composition data were all available. First,
we calculated production efficiencies from phy-
toplankton composition in 1991, using the linear re-
lationship between the species food quality index and
production efficiencies from the 1996 experiments.
Since Seston C:P ratios were not available for this
data set, we could not consider phosphorus limitation
for these data. Next, D. rosea productivity in 1991
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was projected from primary productivity in the epil-
imnion and the calculated production efficiencies.

Although it is not entirely appropriate to compare
the projected secondary productivity and zooplankton
biomass directly since they are in different units, the
patterns for D. rosea biomass and projected produc-
tion were quite similar. Both zooplankton biomass
and projected secondary productivity showed higher
peaks in early summer, then decreased as summer
progressed. A regression analysis showed a significant
correlation between projected secondary production
and zooplankton biomass (D. rosea Biomass = 36.42
* (projected D. rosea productivity) — 2.68; r> = 0.55,
n=11, p <0.01).

Daphnia Production Efficiency (%)
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Food Quality Index

Figure 6. Relationship between seston food quality index and
Daphnia rosea production efficiency. Seston food quality index
was calculated from species food quality index and seston molar
C:P ratios. Slope and intercept for the regression line was 6.114
and —1.343 (r* = 0.511; n = 21; p = 0.0003).

20 0.5
—@—  Daphnia Biomass

- Projected Daphnia production

(9
1

Daphnia Biomass
(ugC I'Y
>
1

Projected Daphnia Production
(ngC I' day'h

Jun Jul Aug

Month

Figure 7. Projected D. rosea productivity and observed D. rosea
biomass in Castle Lake, 1991. Daphnia rosea productivity was
projected by multiplying production efficiency (from phytoplank-
ton composition) to primary productivity.

Life table experiments

The three life table experiments supported our hypo-
thesis that seston HUFA content is an important food
quality factor for D. rosea growth although the effects
of HUFA were rather modest (Table 2). Daphnia ro-
sea in the HUFA treatment showed the highest popu-
lation growth rates of (r) in all experiments. The
SAMUFA treatment showed significantly higher
growth than the CONTROL treatment in two of the
three experiments. At the end of each experiment,
significantly more D. rosea survived in the HUFA
treatment than in any other treatments except for Exp.
3 which had shorter experimental period than others.
However, there was no statistically significant differ-
ence in age at first reproduction (AFR) between the



Table 2. Rates of population increase (r, + S.E. of the jack-knife
method), age at first reproduction (AFR, + S.E.), and survival until
the end of the experiment (S) of Daphnia rosea grown in lake wa-
ter (CONTROL), lake water with HUFA emulsion (HUFA), and
lake water with SAFA and MUFA (SAMUFA). The results of
Scheffe’s multiple comparison are shown as a, b, and c at the 95%
significance level for r and AFR. We did binomial test of signifi-
cance for S. For S, we just showed significance between HUFA and
SAMUEFA treatment.

Treatment r(d™) AFR (d) S (%)
Exp. 1

CONTROL -0.012 (0.0000)*  32.00 (0.000)* 7

HUFA 0.058 (0.0006)¢  25.83 (1.493)* 38"

SAMUFA 0.034 (0.0012)® 24.33 (1.667)* 13
Exp. 2

CONTROL  0.036 (0.0010)® 22.25(0.854)> 13

HUFA 0.066 (0.0006)¢  19.00 (0.365)* 44

SAMUFA 0.024 (0.0024)*  21.67 (1.202)*™ 7
Exp. 3

CONTROL -0.025 (0.0015)* 21.60 (2.561)* 33
HUFA 0.050 (0.0006)¢  18.69 (1.247)* 61
SAMUFA 0.031 (0.0007)> 18.75 (1.473)* 56

“for p < 0.05, ™ for p < 0.01 and ““for p < 0.001
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Figure 8. Averaged cumulative | m, of D. rosea at each day from
life table experiment 1, 2 and 3 in 1996. Final values of cumula-
tive I, m_ equal to reproductive rate (R,). Values are averages of
Exp. 1, 2, and 3 from day 1 through day 32, and averages of Exp.
1 and 2 between day 33 and day 51. Data are expressed as means
+ S.E. CONTROL,; lake water treatment, HUFA; lake water with
the addition of ICES 30/0.6/C emulsion, and SAMUFA; lake water
with the addition of ICES 0/-/C emulsion.

HUFA and the SAMUFA treatment. In all experi-
ments, the cumulative 1, m, at all ages and reproduc-
tive rate (R,) were always the highest in the HUFA
treatment (Figure 8).
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Discussion

The results of this study have important implications
for planktonic food web studies. First, production of
filter feeding cladoceran D. rosea appeared to be cou-
pled to primary production in Castle Lake. Second,
the ecological efficiency, or energy (carbon) transfer
efficiency between primary producers and consumers,
can be predicted from seston food quality using phy-
toplankton species composition and the seston C:P
ratio. Finally, highly unsaturated fatty acids (HUFA)
appear to play a significant role in determining seston
food quality for D. rosea.

Daphnia rosea in Castle Lake appeared to be
strongly carbon (energy) limited. Many researchers
assume, in accordance with Liebig’s law of minimum,
that only a single factor determines the growth rate
of animals at any given time. In fact, recent works on
stoichiometric theory of essential fatty acids and field
study also assume that only one factor at a time de-
termines marine copepod growth (Anderson and Pond
2000; Wacker and von Elert 2001). However, this as-
sumption, while logical, is simply an assumption. Un-
der a strong energy limitation, HUFA limitation may
not be important if only one factor can limit zoo-
plankton growth (Boersma and Stelzer 2000; Wacker
and von Elert 2001). However, the alternative as-
sumption that two or more resources can be simulta-
neously limiting is also quite plausible. Park et al.
(2002) showed that P-limited Synechococcus sp. sup-
ported lower Daphnia magna growth rates than did
P-saturated Synechococcus sp. It is certainly possible
that growth depression by insufficient multiple re-
sources is common in nature. In the present study, the
population rates of increase (r) for D. rosea was
slightly higher in the SAMUFA (lipid addition) treat-
ment than in the Lake seston treatment. Furthermore,
the HUFA treatment showed substantially higher D.
rosea growth rates than either of the other treatments,
which suggests both HUFA and energy co-limited D.
rosea growth.

The D. rosea production pattern was overall simi-
lar to the pattern of primary production in this study,
supporting previous findings that primary and second-
ary production are highly correlated (Lacroix et al.
1999). There is a possibility that this unimodal pat-
tern of D. rosea production might be due to the direct
effect of water temperature (Shuter and Ing 1997,
Stockwell and Johannsson 1997). Temperature could
affect zooplankton production directly through physi-
ological processes as zooplankton metabolism is
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highly temperature-dependent in addition to indirect
effects via primary production (Bottrell et al. 1976).
In the present study, low water temperatures probably
lowered D. rosea production during the early summer
(Figure 3b). However, during similar temperature pe-
riods later in the summer, D. rosea production
showed considerable variability. Therefore, overall,
water temperature did not appear to be the major fac-
tor for D. rosea production. We infer that D. rosea in
a food-limited situation would primarily respond to
the rate of food supply (primary productivity) after
water temperatures reached a certain threshold.

The second implication of our results is that phy-
toplankton composition and their physiological status
(i.e., carbon to phosphorus ratio) may predict energy
transfer efficiency between primary producers and
herbivores. Although D. rosea production followed
the pattern of primary production, the production ef-
ficiencies showed considerable variability with sea-
son rather than a seasonal independence (Figures 4
and 5). This result indicates food availability was not
the sole factor for D. rosea production. From the
present study, we showed correlative evidence sug-
gesting phytoplankton food quality influenced D. ro-
sea production efficiencies in Castle Lake. The spe-
cies food quality index in this study used the relative
biovolume of each edible phytoplankton taxon to to-
tal biovolume of phytoplankton, which could reflect
the inedible phytoplankton abundance. Therefore, the
species food quality index in the present study in-
cludes ingestibility (size) in addition to biochemical
content (Brett and Miiller-Navarra 1997). Seston
phosphorus content appeared to be important espe-
cially in the late summer when the epilimnion water
was depleted of phosphorus due to stratification (Fig-
ure 3a); (Elser and George 1993). Many other factors
such as temperature, competition among zooplankton,
and fish predation can affect zooplankton biomass in
addition to seston food quality (Achenbach and
Lampert 1997; Mumm 1997). The application of phy-
toplankton species food quality index for estimating
secondary production for the 1991 Castle Lake data
set resulted in a good match although in late summer,
the discrepancy between the projected D. rosea pro-
duction and biomass increased (Figure 6), suggesting
possible top-down effects from fish predation. It has
previously been suggested that fish predation on D.
rosea by brook trout, rainbow trout and golden shin-
ers becomes more intense toward late summer (Elser
et al. 1995).

The production efficiency of D. rosea in the
present study was in the range of 2-9% in the in situ
determinations and between 1-3% in the incubation
determinations. Since the in sifu determinations did
not consider mortality of D. rosea and the incubation
determinations did not consider adult growth, the ac-
tual production efficiencies would have been higher
than values from the incubation determinations and
lower than the values from the in situ determinations.
Hilbricht-Ilkowska (1977) suggested that most lakes
with primary productivity under 200
kcal m~2 season~! have less than 10% of production
efficiencies. Considering that we did not determine
the production efficiencies for total zooplankton, our
estimates of D. rosea production efficiencies appears
to be realistic.

Food quantity and quality act together in driving
zooplankton dynamics (Miiller-Navarra and Lampert
1996). We used primary productivity and phytoplank-
ton composition to project secondary productivity. It
is not novel to use phytoplankton composition as a
food quality descriptor (Kerfoot et al. 1988; Kleppel
and Burkart 1995; Schmidt et al. 1998). While pri-
mary productivity appears to be a good representation
of food availability, the phytoplankton species com-
position component in projecting secondary produc-
tivity still needs improvement. Although phytoplank-
ton may represent the majority of edible seston
sometimes (Gaedke 1992), a food quality index based
on phytoplankton composition would probably be
only a very coarse indicator of zooplankton growth.
For example, diatoms may not always be a good food
for marine copepods (Ban et al. 1997; Jénasdottir et
al. 1998), while bluegreens sometimes enhance ma-
rine copepod production (Schmidt and Jénasdéttir
1997). Also, it has been known that viable gut pas-
sage of gelatinous algal taxa (Porter 1975; Vanni and
Lampert 1992) and thickened cell walls in phospho-
rus limited algae (Van Donk and Hessen 1993, 1995;
Van Donk et al. 1997) reduce digestibility for Daph-
nia. Therefore, digestibility appears to be another im-
portant factor in determining algal food quality in
addition to edibility and biochemical composition.
However, at this stage, we regard highly unsaturated
fatty acid (for example EPA) content and phosphorus
content in seston as the most promising and easily
measurable indices of seston food quality for Daph-
nia.

Hairston and Hairston (1993) argue that ecologi-
cal efficiency is a product of trophic structure. Ac-
cording to them, terrestrial communities usually have



3 trophic levels and low consumption efficiencies for
herbivores while pelagic communities generally have
4 trophic levels with higher consumption efficiencies
by herbivores. Their explanation can be regarded as a
top-down position on energy transfer efficiency. Our
results suggest that ecological efficiency may also be
influenced by bottom-up forces determined by seston
food quality. Our results further suggest that ecologi-
cal efficiency is variable within the same trophic con-
figuration. We are convinced that both bottom-up and
top-down forces affect energy transfer efficiency and
secondary production (Hunter and Price 1992; Power
1992; Brett and Goldman 1997). It is also likely that
herbivores such as Daphnia have impacts on phy-
toplankton composition and production by selectively
grazing edible species and recycling nutrients. Ker-
foot et al. (1988) tried to classify algal species by the
Principal Components Analysis with the algal re-
sponse to Daphnia density. They showed that Daph-
nia cause rapid shifts within algal community from
accessible and edible algae to refractory digestion-re-
sistant species.

Seston HUFA content has been proposed to be a
determinant of seston food quality (Ahlgren et al.
1990; Miiller-Navarra 1995a), while the seston car-
bon to phosphorus (C:P) ratio has been proposed by
others (Urabe and Watanabe 1992). Our results lead
us to the opinion that phytoplankton species compo-
sition and phosphorus content determine zooplankton
food quality. HUFA in algae are thought to be more
strongly related to species composition than algal P
content or other factors (Napotalino 1999). Thus, fac-
tors like HUFA specific to the taxonomic phytoplank-
ton group appear to play an important role in food
quality for zooplankton. The life table experiments in
the present study provided support for the HUFA lim-
itation hypothesis by demonstrating that HUFA addi-
tions enhanced D. rosea population growth rates, re-
production and survival (Table 2). A recent study
shows that biomass transfer efficiency to Daphnia
seems to be related to a highly unsaturated fatty acid,
eicosapentaenoic acid (EPA), content in a hyper-
eutrophic system (Miiller-Navarra et al. 2000). How-
ever, in a similar HUFA addition study using meso-
cosms, Daphnia reached the highest number only in
the saturated fatty acid addition treatment (Boersma
and Stelzer 2000). Our life table experiments were
substantially different from their study in the way we
added the emulsions. We added fresh emulsions daily
to new lake water in the life table experiments,
whereas Boersma and Stelzer (2000) did not change
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the water in their experiments but simply added new
emulsions daily. Continually adding new emulsions to
the same solutions is highly problematic because it
has been previously pointed out that the emulsions
employed in our and Boersma and Stelzer (2000) ex-
periments rapidly degrade when incubations exceed
24 hr (McEvoy et al. 1995). It is also quite likely that
HUFA produce toxic metabolites when they degrade.
Thus it may not be possible to test the nutritional im-
portance of HUFA using the design employed by
Boersma and Stelzer (2000). High seston C:P ratios
also appeared to be related to reduced production ef-
ficiencies in the present study (Figure 5). This sup-
ports the notion that increasing C:P ratio in seston
could reduce carbon transfer efficiency at the plant-
herbivore level (Urabe and Sterner 1996; Hessen and
Faafeng 2000). Overall, as summer progressed, the
seston’s HUFA and phosphorus content declined, and
the proportion inedible phytoplankton species in-
creased.

It is also possible that other factors, not measured
in this study, such as toxins (Jonasdéttir and Kigrboe
1996), amino acids (Kleppel et al. 1998), phospholip-
ids (De Lange and Arts 1999), w3-PUFA (Wacker and
von Elert 2001), trace elements, proteins or vitamins
co-vary with seston HUFA or P content and may ex-
plain additional zooplankton growth. To improve our
understanding of seston food quality for zooplankton,
it will be necessary to conduct more direct studies of
zooplankton production relative to the seston fatty
acid composition and C:P ratio in natural systems.

Conclusions

In conclusion, this study has shown the importance
of phytoplankton species composition in addition to
P limitation in determining seston food quality daph-
nid growth. We also showed that food quality based
on phytoplankton species composition and seston C:P
ratio correlated well with D. rosea production effi-
ciencies. This suggests that combining food quality
and primary productivity might be useful in predict-
ing secondary productivity and energy flow in pelagic
ecosystems. Finally, this study suggests that an index
of seston highly unsaturated fatty acid (HUFA) con-
tent is a promising candidate for a food quality index
that, in turn, may determine the efficiency of energy
transfer processes in pelagic ecosystems. Further
studies should focus on the role of seston food qual-
ity in terms of seston essential fatty acid content and
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phosphorus content in determination of energy trans-
fer efficiency in pelagic ecosystems.
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