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Abstract—We assessed the efficiency of the transfer of essential substances (carbon, phosphorus, nitrogen,
and fatty acids (FA), including polyunsaturated fatty acids (PUFAs)) from phytoplankton to planktonic crus-
taceans in experimental mesocosms in the presence and absence of fish. The experiments were conducted
under mesotrophic conditions in 300 L mesocosms. We have found that transfer efficiencies from producers
to consumers are different for different substances. In particular, FA, including PUFAs, are transferred less
efficiently than carbon. In contrast, the efficiency of nutrient transfer, especially phosphorus, is higher than
that of carbon. This evidences that zooplankton can accumulate nutrients, increasing their quality as a
resource for higher trophic levels. Fish significantly reduced the efficiency of carbon transfer from phyto-
plankton to zooplankton per unit of water volume, but did not affect the transfer of substances per unit of bio-
mass. Thus, the quality of zooplankton as a food resource for higher trophic levels did not decrease in the
presence of fish, despite the decline in the efficiency of the transfer of the essential substances per unit of
water volume under their influence. Since the efficiency of essential substances transfered from phytoplank-
ton to zooplankton determines the functioning of the entire trophic web, we should seek ways to increase it.

Keywords: primary and secondary production, carbon, nitrogen, phosphorus, phytoplankton, planktonic

crustaceans, fish, mesotrophic conditions, efficiency of transfer of substances, mesocosms
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INTRODUCTION

Planktonic communities constitute the basis of the
trophic pyramid in freshwater ecosystems. The trans-
fer efficiency of essential substances, including car-
bon, phosphorus, nitrogen, and FAs (especially
PUFAs from phytoplankton to zooplankton), deter-
mines the quality of biological resources. In general,
only 10% of carbon is transferred from one trophic
level to the next (Lindeman, 1942). The efficiency of
the transfer of substances can vary from 2—3 to 20%
depending on environmental conditions (Slobodkin,
1972). In freshwater lakes, the efficiency of carbon

Abbreviations: B, crustacean biomass; B}, phytoplankton
biomass; SP, secondary production (crustacean production);
DHA, docosahexaenoic acid; FAs, fatty acids; PUFAs, polyun-
saturated fatty acids; PP, primary production; and EPA, eicos-
apentaenoic acid.
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transfer from phytoplankton to zooplankton varies in
a wider range, from 5 to 30% (Lacroix, 1999).

For a long time, the flow of matter and energy in
the ecosystems was analyzed as a whole without divid-
ing it into components (Pauly and Christensen, 1995;
Schulz et al., 2004). However, it has been shown that
different substances can be transferred with different
efficiencies (Gladyshev et al., 2011) that help zoo-
plankton organisms maintain homeostasis (Sterner
and Hessen, 1994). Therefore, zooplankton have to
accumulate substances which are in shortage and
excrete substances which are in excess, thus maintain-
ing their growth and reproduction rates (Schoo et al.,
2013).

One of the factors affecting the efficiency of the
transfer of essential substances from phytoplankton to
planktonic crustaceans is planktivorous fish. They can
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have an indirect effect on phytoplankton. Since plank-
tivorous fish reduce planktonic filter feeders, the con-
centrations of algae increase (Semenchenko et al.,
2007). In addition, crustaceans can consume a narrow
size-range of food particles, usually <30 um (Sommer
and Sommer, 2006); therefore, fish can increase the
proportion of small algae species by reducing the
number of crustaceans. They are also able to facilitate
cyanobacteria development, as was shown in a eutro-
phic lake (Kolmakov and Gladyshev, 2003; Kolma-
kov, 2014) and experimental conditions (Feniova
et al., 2019). It is noteworthy that the composition of
essential substances is not identical in different algae
species (Gulati and DeMott, 1997; Miiller-Navarra,
1995). Thus, potential changes in the species and size
structure of phytoplankton communities caused by
fish can alter the contents of essential substances in the
food resources for planktonic crustaceans, which in
turn can affect the efficiency of transfer of essential
substances from phytoplankton to zooplankton, mea-
sured as a ratio of secondary production/primary pro-
duction.

The goal of the study was to assess the transfer effi-
ciency of essential substances (carbon; phosphorus;
nitrogen; and FAs, including PUFAs) from phyto-
plankton to planktonic crustaceans in mesotrophic
conditions. The studies were conducted in experimen-
tal mesocosms in which we manipulated the presence
and absence of fish to determine their effect on the
structure of phytoplankton and, as a result, on the effi-
ciency of transfer of essential substances.

MATERIALS AND METHODS

The studies were conducted in the 300-L tanks
(0.94 x 0.64 x 0.50 m), which were filled with water
from the mesotrophic Lake Majcz (northeastern
Poland, area 163.5 ha, maximum depth 16.4 m, and
average depth 6 m) (Gliwicz et al., 1981). The experi-
ment consisted of two treatments—the control (C),
where fish was absent, and fish treatment (F). Each
treatment was replicated in triplicate mesocosms. In
fish mesocosms, one ruff Gymnocephalus cernuus (L.,
1758) of 7.5—11 cm was added. Fish were kept in 5-L
boxes suspended in the mesocosms. The boxes had
large slots that allowed zooplankton to pass freely
through, but kept the fish inside. The fish were let out
of the cage for only 1 h each day to feed freely. Thus,
we limited the predation of fish on zooplankton to
prevent them from overexploitation by fish. The
experiment was conducted for 30 days.

Chlorophyll a was recorded every 10 days using a
FluoroProbe spectrophotometer, which measured the
concentrations of total chlorophyll and chlorophyll of
green algae, cryptophytes, diatoms, and cyanobacte-
ria. Phytoplankton biomass (mg C/L) was found based
on the total chlorophyll a concentration (ug/L) using
the equations after Yacobi and Zohary (2010).

For a more detailed analysis of the taxonomic
structure of phytoplankton in the experiment, the
microscopic method was used. Phytoplankton were
concentrated by settling and preserved with a Utremel
solution and 4% formaldehyde (Kuzmin, 1975). Algal
cells were counted under a light microscope (Nikon
Optiphot 2). The biomass of individual species or gen-
era (mg/L) was determined based on their cell sizes
and approximations to simple geometric shapes (Vin-
berg and Lavrenteva, 1982; Mikheeva, 1989). Algal
cell sizes were measured using an ocular micrometer.
The phytoplankton size structure was represented by
three fractions (ranges): <30, 30—60, and >60 pm.

Samples of planktonic crustaceans were collected
by a 2.6-L Limnos sampler every 10 days and fixed
with 4% formaldehyde. The wet weight of crustaceans
was estimated by applying the relationships between
the body mass of planktonic crustaceans and their
average length (Btedzki and Rybak, 2016). To convert
the wet weight of planktonic crustaceans in carbon
units, we used the conversion coefficient proposed by
Alimov (1989).

We collected seston and zooplankton for content
analyses of FA, PUFA (EPA (20:5n-3) and DHA
(22:6n-3)), carbon, phosphorus, and nitrogen on the
first and final days of the experiment not to disturb the
experimental conditions, since these samples required
up to 100 L of water. Samples for seston analysis were
preliminarily passed through a 110-um mesh sieve to
remove large zooplankton and/or other particles, and
then they were filtered onto precombusted glass—fiber
GF/F filters (Whatman, United States) until there was
intensive coloring of the filter. Then the filters for FA
analysis were dried for 30 min, transferred into a chlo-
roform : methanol (2 : 1) solution, and kept at a tem-
perature of —20°C. The filters for carbon, phospho-
rus, and nitrogen contents in seston were dried at
ambient temperature overnight and stored dry in
a desiccator until further analyses.

Samples of water for contents of FA, PUFA, car-
bon, phosphorus, and nitrogen in planktonic crusta-
ceans were passed through a 110-um-mesh sieve.
Then, the zooplankton left on the sieve was dried with
the filter paper and weighed. Samples for FA were kept
in a chloroform—methanol solution at —20°C. Sam-
ples for carbon, phosphorus, and nitrogen were dried
at 75°C overnight and then stored in a desiccator for
further analysis.

FAs and PUFAs were measured by a gas chromato-
graph with a mass spectrometer detector (model
6890/5975C, Agilent, United States) (Kalachova,
2011). Organic carbon and nitrogen were measured
using a Flash EA 1112 NC Soil/MAS 200 elemental
analyzer (ThermoQuest, Milan, Italy) (Gladyshev
et al., 2007). The content of particulate total phospho-
rus was estimated following the conventional photo-
colorimetric method (Murphy and Riley, 1962).
INLAND WATER BIOLOGY  Vol. 14
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We calculated PP based on chlorophyll a concen-
trations and the potential photosynthetic capacity of
phytoplankton measured by polychromatic diuron-
induced fluorescence method (DCMU -fluorescence,
3-(3,4-dichlorophenil)-1,1-dimethylurea) using
a FluoroProbe spectrophotometer FluoroProbe. This
method is described in detail elsewhere (Gaevsky
et al., 2005, Kolmakov et al., 2008).

SP were calculated using regression models of
Stockwell and Johannsson (1997):

P= 10(—0.2310g(M)—0.73) x 112MN,

where P is daily production (ug, dry weight L~' Day™!),
M is average body mass (ug), and N is number of indi-
viduals L.

The efficiency of carbon transfer from producers to
consumers per unit of water volume is determined as
the ratio secondary production/primary production
expressed in percentage (Gladyshev et al., 2011). If
productions are calculated per unit of volume (L),
they characterize the efficiency of transfer of sub-
stances in a water body (in our case, in mesocosm).
The productions per unit of biomass are estimated as
PP/B, 1, Or SP/B,,,, While the efficiency of carbon
transfer from phytoplankton to planktonic crustaceans
per unit of biomass is determined by the ratio SP/B_,; :
PP/B, 1 (%). Since this ratio shows the efficiency of
transfer of the substances per unit of biomass, it is not
dependent on the concentrations of planktonic organ-
isms.

The rates of accumulation of nitrogen (AN) and
phosphorus (AP) by phytoplankton and planktonic
crustaceans per unit of water volume and per unit of
biomass were calculated as follows:

AP/N, 0 = (P/N 0 : C) X PP
A'P/N_ o = (P/Npnyio : C) X (PP/B,1y10)

phyto
AP/N_ s = (P/Nepy : C)x SP
A'P/Ncrust = (P/Ncrust : C) X (SP/Bcrust) s

where A is the rate of accumulation per unit of volume,
A is the rate of accumulation per unit of biomass, P/N
is phosphorus/nitrogen, phyto is phytoplankton, and
crust is planktonic crustaceans; units: P/N : C, mg/mg
of carbon; SP and PP, mg C L~'day™'; B, and
Bcrust: mg C/L

The efficiency of nitrogen and phosphorus transfer
from seston to planktonic crustaceans per unit of vol-
ume and per unit of biomass was calculated as follows:

(AP/NC,usl/AP/Nphym) x100%
(A'P/Ncmst/A'P/Nphym) x100%.
For convenience, the equations for calculating pro-

ductions and transfer efficiencies of nutrients and their
units are presented in Tables 1 and 2.

The productions of PUFAs (EPA, DHA) and FAs
of phytoplankton and planktonic crustaceans, as well

hyto

INLAND WATER BIOLOGY Vol.14 No.1 2021

as their transfer efficiencies from phytoplankton to
planktonic crustaceans per unit of volume and per unit
of biomass, were calculated using similar ratios, which
were applied for nutrients. The equations of the pro-
ductions and transfer efficiencies for FAs, including
PUFAs, and units for each parameter are presented in
Tables 1 and 2.

Statistical analysis of the data was conducted using
Past 3.20. The data were examined for normal distri-
bution by the Shapiro—Wilk test. The concentrations
of chlorophyll a; biomasses of the size groups of algae
and biomasses of planktonic crustaceans; and PP, SP,
and P/B coefficients were compared between the
treatments using Student’s 7-test; in the absence of
normal distribution, we used the nonparametric
Mann—Whitney U-test. To compare the accumula-
tions of nitrogen and phosphorus, as well as the trans-
fer efficiencies of FAs, including PUFAs, between the
experimental treatments, one-way analysis of variance
was used (Tukey test). The starting data were excluded
from statistical analyses, because there were no effects
of fish on the parameters of plankton communities on
the first day of the experiment.

RESULTS

The concentrations of the total chlorophyll and
chlorophyll of diatoms were significantly higher in the
fish treatment relative to the control (= 2.8, p = 0.01;
t=4.4, p <0.01, respectively) (Fig. 1).

At the beginning of the experiment, the dominating
taxa were dinoflagellates Peridinium cinctum (O.F. Miiller)
Ehrenberg and chrysophytes Dinobryon bavaricum
Imhofand Chrysidalis peritaphrena J. Schiller (Fig. 2).
On day 10, in both treatments, in addition to chryso-
phytes and dinoflagellates, the diatom Fragilaria sp.
appeared. By day 20 and day 30 in both treatments, the
domination in phytoplankton had shifted to the greens
(Oedogonium sp., Mougeotia sp.) and diatoms (Ulnaria
acus (Kiitzing) Aboal, Fragilaria crotonensis Kitton,
Cyclotella sp.). There were no significant differences in
the biomass of the individual taxa of phytoplankton
between the control and fish treatment (#-test, p >
0.05). In the course of the experiment, the structure of
phytoplankton was gradually shifting from chryso-
phytes and dinoflagellates towards greens and diatoms
in both treatments. The biomass of all three sizes of
algae fractions did not differ between the fish treat-
ment and the control (#-test, p > 0.05). In the experi-
ment, the large size fraction >60 um was the most
abundant; at the end of the experiment, the interme-
diate size fraction, 30—60 um, was absent (Fig. 3).

The biomasses of cladocerans were significantly
higher in the control than in the fish treatment (t =
3.3, p <0.01) (Fig. 4). There were no statistically sig-
nificant differences in the mean biomasses of cope-
pods between the treatments (p > 0.05).
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Fig. 1. Dynamics of chlorophyll of greens (a), diatoms (c), cryptophytes (e), cyanobacteria (g) and total chlorophyll (i), (£SE),
and comparison of the means between the experimental treatments (b, d, f, h, j). Here and in Figs. 2—6, C is control and F is fish
treatment. Letters @ and b indicate significant differences at p < 0.05 (Student’s 7-test).

The fish did not affect PP (p > 0.05) (Fig. 5). SP
was significantly lower in the fish treatment than in
the control (r = 3.2, p = 0.01). As a result, carbon was
transferred from phytoplankton to planktonic crusta-
ceans in the fish treatment less efficiently than in the
control; on average, its transfer efficiency per unit of
water volume reached 4 and 14%, respectively (= 2.6,
p=0.02).

In the fish treatment, the ratio of the production of
crustaceans to their biomass increased relative to the
control (U= 18, p = 0.05) (Fig. 6). The efficiencies of
carbon transfer from phytoplankton to crustaceans per
unit of biomass did not significantly differ between the
treatments; on average, in the control and fish treat-
ments, they were 27 and 35%, respectively.

The rates of accumulation of nitrogen and phos-
phorus in the phytoplankton and planktonic crusta-
ceans were similar in both experimental treatments
(Table 1). Therefore, the transfer efficiencies of nitro-

gen and phosphorus from phytoplankton to plank-
tonic crustaceans did not differ between the treat-
ments either per unit of volume or per unit of biomass.
In the control and fish treatment, the efficiencies of
nitrogen transfer per unit of volume were, on average,
4 and 5%, respectively. The efficiencies of its transfer
per unit of biomass were accordingly 48 and 31%. The
phosphorus transfer efficiencies were higher, 9 and
17% per unit of volume, and 68 and 114% per unit of
biomass in the control and fish treatment, respec-
tively. Thus, phosphorus per unit of biomass was more
efficiently transferred from phytoplankton to plank-
tonic crustaceans than carbon.

PUFAs and FAs were less efficiently transferred
from phytoplankton to planktonic crustaceans than
carbon, nitrogen, and phosphorus (Table 2). The
transfer efficiency of EPA per unit of volume was <1%,
while per unit of biomass it reached 2—3%. The trans-
fer efficiency of DHA was 1-2% per unit of volume
INLAND WATER BIOLOGY Vol. 14
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Fig. 2. Percentage of taxonomic groups in total phyto-
plankton biomass (%). (I) chrysophytes, (2) diatoms,
(3) green algae, (4) cryptophytes, (5) dinophytes, and
(6) others (cyanobacteria, euglenales, and yellow-green
algae).

and 5—12% per unit of biomass. The transfer efficien-
cies of FAs accounted for <1% and slightly >1% per
unit of volume and per unit of biomass respectively.
There were no differences between the transfer effi-
ciencies of PUFAs and FAs in the control and fish
treatment.

DISCUSSION

Besides organic carbon, phytoplankton produce
essential polyunsaturated fatty acids, including EPA
and DHA. These valuable molecules are produced

mainly by specific species of microalgae, which trans-
fer them to consumers, and further they are trans-
ported along trophic chains to higher trophic levels,
including humans (Uttaro, 2006; Lands, 2009). Phy-
toplankton serves also as a source of phosphorus and
nitrogen for higher levels of the trophic webs. Algae do
not produce nutrients, but convert them from dis-
solved inorganic compounds into organic forms,
which can be accumulated by animals. The more effi-
ciently phytoplankton transfer essential substances to
zooplankton, the more valuable zooplankton is as
a food resource for higher trophic levels.

The carbon transfer efficiency in the fish treatment
did not exceed 4% while, in the control, this parameter
reached 14%. This difference was attributed to the fact
that there were more cladocerans in the control than in
the fish treatment. There were no differences in the
biomass of copepods between the experimental treat-
ments. Concentrations of PUFAs, phosphorus, and
nitrogen per unit of volume did not differ between the
control and fish treatment, despite the lower transfer
efficiency of total organic carbon in the fish treatment
than in the control. Therefore, the transfer efficiency
of these substances was not closely related to carbon
transfer.

Our data showed that different substances were
transferred with different efficiencies. The efficiencies
of phosphorus transfer from phytoplankton to zoo-
plankton were higher than those of the other substances

Day 1

B!
12
o3

Day 30

Fig. 3. Percentage of size groups in total phytoplankton biomass (%). (1) <30 um, (2) 30—60 um, and (3) >60 um.
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Fig. 4. Dynamics of biomasses of cladocerans (a) and copepods (c) and comparison of the means between the experimental treat-
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Fig. 5. Dynamics of PP (a), SP (c), ratio of SP to PP (e), and comparison of the means between experimental treatments (b, d,

f), (+SE).

and varied in the range of 9—17%, nitrogen transfer effi-
ciency was 4—5%, PUFA efficiencies were 2%, and FAs
were transferred with efficiencies of <1%.

The transfer efficiencies of carbon and essential
substances per unit of water volume are determined by
the ability of planktonic crustaceans to convert con-
sumed particles into biomass and the concentration of

phytoplankton and crustaceans. The content of the
consumed substances in the biomass is measured as a
ratio of production to biomass (P/B coefficient). P/B
coefficient is regarded as the basis of the production
potential and can be compared between communities
with different densities (Vinberg, 1968; lkeda et al.,
2002). The efficiencies of carbon transfer (SP/B : PP/B)
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parison of the means between the experimental treatments (b, d, f), (£SE). Letters a and b indicate significant differences at p <

0.05 (Mann—Whitney U test).

from phytoplankton to planktonic crustaceans per unit
of biomass reached 27 and 35% in the control and fish
treatment respectively, but did not significantly differ
between the experimental treatments. DHA was trans-
ferred more efficiently than the other fatty acids (4—
12%), EPA was transferred with an efficiency of 2—
3%, and FA efficiency was 1%. Phosphorus and nitro-
gen were transferred with greater efficiency, i.e., 68—
113 and 31—48%, respectively. Thus, the efficiencies of
nitrogen and phosphorus transfer from primary pro-
ducers to crustaceans were higher than the carbon-
transfer efficiency, while the transfer efficiencies of
FA, including PUFA, on the contrary, were lower rel-
ative to carbon.

The results of our work are consistent with the
findings of other researchers. For example, Hudson
et al. (1999) indicated that zooplankton is an import-
ant source of nutrients. Karpowicz et al. (2019) exper-
imentally showed that crustaceans can concentrate
phosphorus in their bodies; therefore, the content of
phosphorus in zooplankton can be higher than in phy-
toplankton. Previously, we found that, under mesotro-
phic conditions, the phosphorus content in planktonic
crustaceans was 3—4 times more than in seston, while
the contents of PUFAs and FAs in crustaceans, on the
contrary, were significantly lower than in seston
(Feniova et al., 2019). Thus, some substances can
accumulate in biomass; others can be expended in the
metabolism, or be assimilated poorly because their
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content in the edible algae fractions (<30, 30—60 pm)
can be smaller than in inedible fraction (>100 pum).

Short-chained saturated FAs were transferred less
efficiently than PUFAs. Similar results were obtained
by Gladyshev et al. (2011). To maintain a high content
of PUFAs, cladocerans mainly use other FAs as an
energy source, catalyzing them actively (Brett et al.,
2006). We expected that the transfer efficiencies of the
essential PUFAs from phytoplankton to crustaceans
would exceed that of carbon, but their transfer effi-
ciencies were lower. This was attributed to the fact that
large diatoms and green algae, whose sizes exceeded
the spectrum of edible particles, were dominant in the
experiment. In addition, only certain groups of
microalgae can effectively synthesize EPA and DHA,
namely diatoms, cryptophytes and dinophytes (Cohen
et al., 1995; Harwood, 1996; Heinz, 1993; Tocher
et al., 1988). By day 30 of the experiment, the plank-
tonic algae were gradually being displaced by periphy-
ton species, which were mostly represented by
attached green algae, which worsened the quality of
algae community as a food resource.

‘We suggest that the efficiency of the PUFA transfer
can vary depending on the composition of phyto-
plankton. Therefore, this parameter may be higher
(Gladyshev et al., 2011) in particular conditions and
lower in other conditions than the carbon transfer effi-
ciency (our experiments). The quality of zooplankton
as a resource for higher trophic levels will depend on
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how efficiently PUFAs are transported. In the experi-
ment, FAs, including PUFAs, were transferred less
efficiently than carbon. In contrast, the efficiencies of
nutrient transfer, especially that of phosphorus, were
greater than in carbon. This indicates that planktonic
crustaceans act as a sink of nutrient accumulation,
supplying higher trophic levels with organic matter
enriched by nutrients. Fish significantly reduced the
efficiency of carbon transfer from phytoplankton to
crustaceans per unit of volume, but they did not affect
the transfer of essential substances per unit of biomass;
i.e., the fish did not affect the quality of planktonic
crustaceans as a food resource under mesotrophic
conditions. Since the efficiency of the transfer of
essential substances from phytoplankton to zooplank-
ton determines the functioning of the whole trophic
chain, we should seek approaches to increase it.

CONCLUSIONS

Fish reduced efficiencies of carbon transfer from
phytoplankton to crustaceans per unit of water vol-
ume. The transfer efficiency of the other essential sub-
stances did not decrease relative to the control. Phos-
phorus was transferred more efficiently than carbon
due to its ability to accumulate in crustacean bodies.
FAs, including PUFAs, were transported less effi-
ciently than carbon because food resources were
mainly represented by inedible colonial forms (>50%
of the total biomass). Among PUFAs, DHA was trans-
ferred more efficiently than EPA. FAs were transferred
less efficiently than PUFAs. This difference in effi-
ciencies was likely attributed to the fact that short-
chained saturated FAs mainly serve as energy sources.
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