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Abstract

We studied how physiologically important long-chain polyunsaturated fatty acids (PUFA) in benthic
macroinvertebrates (Asellus aquaticus, Chironomidae, and Oligochaeta) were related to those in periphyton and
terrestrial organic matter (tree leaves), collected from littoral areas of 17 boreal lakes that differed in their dis-
solved organic carbon (DOC) and nutrient (phosphorus and nitrogen) concentrations. We also analyzed fatty
acid (FA)-specific stable carbon isotopes (5'3Cps) to investigate the dietary origin (periphyton vs. terrestrial
organic matter) of PUFA in the consumers. In contrast to periphyton, terrestrial organic matter was deprived of
long-chain PUFA, such as eicosapentaenoic acid (EPA), but rich in short-chain PUFA. The FA composition of
macroinvertebrates was primarily taxon-specific despite the large differences in DOC and nutrient concentra-
tions of the lakes. An increase in DOC concentration had a negative impact on the EPA content of Asellus, chi-
ronomids, and oligochaetes as well as the total FA content of chironomids and oligochaetes. However, the FA
content of macroinvertebrates was not related to lake total phosphorus concentrations, although the total FA
and EPA content of periphyton increased with the trophic status of the study lakes. The 8'*Cpypa values of
macroinvertebrates were positively related with the §13Cpupa of periphyton and weakly with 8'3Cpupa Of terres-
trial leaf material. The results indicate that EPA in the studied macroinvertebrate taxa was mainly derived from
an algal-based diet and not via biosynthesis from allochthonous precursor FA. Thus, macroinvertebrate produc-
tion in lakes may be limited by the available algae-based food sources.

The role of dietary energy and nutrients from terrestrial (allo-
chthonous) and aquatic (autochthonous) resources to con-
sumers in lake ecosystems is subject of ongoing debate (Pace
et al. 2004; Cole et al. 2011; Brett et al. 2017). Synthesis of an
extensive stable isotope data set from the northern hemisphere
suggests at least 42% of allochthonous carbon contributes to
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zooplankton biomass (Tanentzap et al. 2017). Until recently,
the prevailing view for many decades has been that terrestrial
leaf litter can be a major carbon source for macroinvertebrates
in forested and sheltered headwaters, specifically in small oligo-
trophic lakes and shaded upland streams (Hynes 1975; Vannote
et al. 1980; Wetzel 2001). However, Rasmussen (2010) pres-
ented stable isotope evidence of algae being more selectively
assimilated by stream invertebrates than allochthonous sources.
Allochthonous carbon sources are poor in essential biochemical
compounds, especially essential fatty acids (Brett et al. 2009;
Taipale et al. 2014, 2016), and thus considered low-quality food
for aquatic consumers (Brett et al. 2017).

Most consumers require dietary polyunsaturated fatty acids
(PUFA) to maintain somatic growth and reproduction. Doco-
sahexaenoic acid (DHA, 22 : 6n-3), eicosapentaenoic acid
(EPA, 20 : 5n-3), and arachidonic acid (ARA, 20 : 4n-6) are
physiologically required for consumers as constituents of cell
membranes (Vance and Vance 1996). Consumers have
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variable and often limited ability to biosynthesize these PUFA
from their precursors, that is, alpha-linolenic acid (ALA,
18 : 3n-3) and linoleic acid (LIN, 18 : 2n-6) (Koussoroplis
et al. 2014; Murray et al. 2014; but see Strandberg et al. 2020).
Experimental studies reported that terrestrial sources are very
low in omega-3 (n-3) and omega-6 (n-6) PUFA and contain
only traces of EPA or DHA (Taipale et al. 2014; Hiltunen
et al. 2019). Thus, even if terrestrial carbon sources are abun-
dant in aquatic ecosystems, the concurrent presence of long-
chain PUFA synthesizing algae is required for aquatic con-
sumers, including zooplankton, benthic invertebrates, and
fish (Kainz et al. 2010; Guo et al. 2016; Grieve and Lau 2018).

Boreal lakes are characterized by relatively high inputs of
brown-colored, allochthonous organic matter (Algesten et al.
2004; Kortelainen et al. 2006), which is predicted to increase in
the future due to recovery from acid deposition and increased
precipitation, soil erosion, and terrestrial runoff induced by cli-
mate change (Monteith et al. 2007; Weyhenmeyer et al. 2014;
De Wit et al. 2016). Consequently, lake browning and eutrophi-
cation will alter algal and invertebrate community composition,
which has negative impacts on the availability and trophic
transfer of EPA and DHA in lake food webs (Strandberg
et al. 2015; Taipale et al. 2016; Kesti et al. 2021). By suppressing
benthic primary and secondary productivity due to lower light
and oxygen, darker water, and intensified stratification, a
decline in the relative importance of benthic trophic pathways
is expected (Vadeboncoeur et al. 2003; Solomon et al. 2015).
The impacts of browning on PUFA occur at community levels
and within species. For example, Kesti et al. (2021) found
Asellus aquaticus, Chironomidae, and Sida sp. having lower
PUFA contents in humic than in clear-water lakes in Eastern
Finland, indicating that browning decreases the nutritional
value of these invertebrates for higher consumers.

Most research on the composition of fatty acids and their
trophic pathways of aquatic consumers has been conducted
on pelagic organisms, such as zooplankton and fish, whereas
less is known about the trophic pathways of littoral benthic
macroinvertebrate fatty acids (but see Lau et al. 2014a). In this
study, we examined the fatty acid composition and content of
basal resources; that is, periphyton (autochthonous) and ter-
restrial leaf litter (allochthonous), and three commonly
encountered benthic macroinvertebrate taxa with different
feeding habits; that is, Asellus aquaticus, Chironomidae, and
Oligochaeta, across 17 Finnish lakes that differ in dissolved
organic carbon (DOC) and nutrient concentrations, and geo-
graphical locations. We analyzed fatty acid-specific stable car-
bon isotope values (613CFA) of macroinvertebrates and these
basal resources to test the hypothesis that macroinvertebrates
in humic and eutrophic lakes have lower total fatty acid and
EPA contents, but higher contents of bacterial fatty acids
(BCFA) compared to those in clear and oligotrophic lakes. We
based this hypothesis on the assumption that increasing nutri-
ent and DOC concentrations lower the periphyton biomass
due to shading and consequently the periphyton availability
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to macroinvertebrate diets (Vadeboncoeur et al. 2003; Ask
et al. 2009; Butkas et al. 2011). In eutrophic lakes, we also
expected to find lower EPA content in macroinvertebrates due
to higher proportions of the cyanobacteria in the water col-
umn and loss of benthic algal energy pathways
(Vadeboncoeur et al. 2003). Nevertheless, we predicted strong
relationships between 8'3C values of periphyton and inverte-
brate EPA, because algal-derived EPA is required and readily
used for somatic growth (Karlsson 2007; Brett et al. 2017;
Grieve and Lau 2018), and because motile benthic inverte-
brates can selectively feed on different periphyton assemblages
(Devlin et al. 2013). Also, recent evidence has shown that
even the dystrophic lakes may have periphyton contributing
strongly to macroinvertebrate diets (Lau et al. 2014b; Vest-
erinen et al. 2016a,b).

Material and methods

Study lakes and the sampling

We investigated littoral food webs in 17 lakes, of which 3
were located in northern, 3 in central, 2 in eastern, and 9 in
southern Finland (Fig. 1). The lakes ranged in size from 0.9 to
8551 ha (mean lake size: 361 ha), differed in water color (4.5—
447.3 mg Pt L") and total phosphorus (TP 3.0-80.0 ug L")
and total nitrogen (TN) concentrations (220.0-1090.0 ug L™1).
Water quality parameters (Table 1) were obtained from
regional monitoring programs from the Finnish Environmen-
tal Administration monitoring database HERTTA (https://
www.syke.fi/en-US/Open_information) and are means (+ SD)
for epilimnetic water (0-1 m) from four summer sampling
occasions during the period 2000-2019. Most of the parameter
values were from 2016 to 2019, but some of the lakes had been
monitored less frequently. DOC concentrations were estimated
from water color values using the linear relationship of water
color and total organic carbon (TOC = 0.0872 color + 3.55;
Kortelainen 1993). Because in boreal waters >90% of DOC
consists of terrestrial organic carbon (Mattsson et al. 2005), we
applied the color-based TOC estimates to assess terrestrial
DOC concentrations. According to the trophic classification
by Carlson (1977) and TP concentrations, six of the lakes were
oligotrophic, four mesotrophic, and seven eutrophic. However,
the lakes Horkkajdrvi, Majajarvi, and Valkea-Kotinen can also
be classified dystrophic with high DOC concentrations and
low productivity. These three lakes were stratified during the
open-water season and had relatively high nutrient concentra-
tions below the thin euphotic zones. Lake Syrjdnalunen was
groundwater-fed, while the other lakes got their water predom-
inately from surface runoff and inflowing rivers.

We sampled macroinvertebrates from the subclass
Oligochaeta (Annelida), family Chironomidae (Insecta), and
the species Asellus aquaticus (hereinafter referred to as Asellus)
(Crustacea) from four littoral sites at each of the study lakes,
from 17 July 2018 to 06 September 2018. We used both quali-
tative kick-net sampling and scraped substrates from rocks to
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Fig. 1. Locations of the 17 study lakes together with their DOC concentrations. Color gradient from turquoise to brown illustrates the water color from

clear to stained.

collect benthic macroinvertebrates. Kick-net samples were col-
lected from the shoreline to the depth that was reachable with
waders. From each of the sites, periphyton was collected by
scraping off the plant, wood, and/or rock substrata into
cryovials. Samples from different sites were pooled to reduce
the workload of sample processing since we were not looking
at site-specific differences. Also, fallen tree leaves, representing
the allochthonous food source for the littoral macro-
invertebrates, were collected randomly from the land near the
shoreline from each sampling site. The leaves on land were
used instead of those in the water to avoid biofilm (and algal
fatty acids) entering our samples. To get enough freeze-dried

material of these groups for fatty acid analyses from each lake,
it was not possible to separate individuals at a lower taxo-
nomic level using time-consuming dissecting microscopy.
Therefore, macroinvertebrates were identified to the level
Oligochaeta, Chironomidae, and Asellus aquaticus (within ca.
2 h under a lamp on a white tray) the same day and thereafter
frozen at —20°C. Chironomids were first separated according
to their color to green and red specimens, which was thought
to refer to their habitat oxygen concentrations and possibly
different resource pools (red referring to high hemoglobin and
low O,) (Lancaster and Downes 2013). However, a latter com-
parison of their fatty acids revealed no statistically significant
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Table 1. Physico-chemical characteristics of the study lakes (TP, TN, DOC). The values are means (& SD) of epilimnetic water (0-1 m)
from four summer sampling occasions during the years 2000-2019. Lake types are the typologies for the EU Water Framework Directive,
classified by the Finnish Environmental Institute.

Coordinates Water color DOC
Lake (ETRS-TM35FIN) Area (ha) TP (ugL™") TN (g L") (mg PtL") (mgL™" Lake type
Syrjanalunen N = 6785764, E = 400190 0.9 3.0+3.0 352.0 £ 20.1 83+33 4.2+0.2  Small-sized humus poor
Horkkajérvi N = 6788064, E = 401030 1.1 383 +84 852.0 £60.3 4473 £52.5 42.6+4.6 Humusrich
Majajarvi N = 6788171, E = 399990 3.8 243+ 4.5 735.5+64.3 4144+71.8 39.7+6.3 Humusrich
Valkea-Kotinen N = 6791330, E = 396000 4.0 175+ 4.4 442.5+12.6 122.5+28.7 142+25 Humusrich
Valkea Mustajarvi N = 6788778, E = 398682 13.0 10.0 £ 2.2 300.0 £16.3 20.0+ 7.1 53+0.6 Small-sized humus poor
Pesosjrvi N = 7355310, E = 612515 44.0 50+0.8 250.0 £ 25.8 28.8 +£6.3 6.1 £0.5 Calcium rich
Viippero N = 6930265, E = 501040 98.0 13.3+£1.2 393.3+11.5 833+252 10.8+22 Shallow humic
Kuhajarvi N = 7310250, E = 486209 305.0 348+ 4.8 732.5 £315.3 63.8 +8.5 8.0+2.6  Shallow humic
Viitaanjarvi N = 7051105, E= 515295 361.0 473+£6.3 637.5+1424 185.0+443 19.7+3.9 Humusrich
Kuontijarvi N = 7336522, E = 590607 595.0 18.5+4.2 464.0 £72.7 37.5+87 6.8 £0.8 Calcium rich
Tuusulanjérvi N = 6702338, E = 393085 600.0 78.8 £22.8 1090.0 +290.5 44.0+16.6 7.4+ 1.4  Nutrient rich
Kuorinka N = 6945081, E = 621686 1300.0 3.0+0.0 220.0 +72.8 45+1.0 39+0.1 Medium-sized humus poor
Paajarvi N = 6771758, E = 399010 1344.0 89+1.0 1250.0 £ 57.7 70.5+11.0 9.7+ 1.0 Medium-sized humic
Haapajarvi N = 7049730, E = 498342 2588.0 80.0+9.7 890.0 £110.2 155.0+55.7 17.1+£4.9  Shallow humus rich
Kajaanselka N = 6781306, E = 403373 4271.0 19.0 £ 6.7 317.5+25.0 10.0 £ 0.0 4.4+0.0 Large humus poor
Enonselka N = 6768600, E = 423617 6470.0 31.0+ 6.5 480.0 +39.2 183 +29 5.1+£0.3  Large humus poor
Kermajarvi N = 6925631, E = 587116 8551.0 50+14 380.0 £ 61.6 28.8+£4.8 6.1 £ 0.4  Large humus poor

differences (Pearson’s correlation coefficient between the iden-
tified fatty acids of green and red specimens [both content
and relative proportions] = 0.998, t = 94.39, p <0.0001), so
they were pooled in this study. All animals and excess plant
material were removed from the periphyton samples under
the microscopy and the samples were frozen at —20°C. Within
a few days, all samples were transported to the laboratory,
where they were stored at —80°C before freeze-drying and
fatty acid analysis.

Fatty acid analysis

Prior to fatty acid analysis, samples (macroinvertebrate,
periphyton, and dead leaves) were lyophilized with ALPHA 1-4
LD plus (Christ), homogenized with a mortar and pestle, and
subsamples of 1.96 + 0.46 mg DW~! (mean 4 SD for animals)
and 4.53+0.69 mg DW ' (mean +SD for periphyton and
dead leaves) were analyzed for fatty acids. Lipids were extracted
twice with 2 : 1 (by vol) chloroform : methanol following Folch
et al. (1957) using tricosanoate acid (23 : 0) as an internal stan-
dard. Fatty acids were derivatized into fatty acid methyl esters
(FAME) using an acid catalyzed transesterification reaction with
1% H,SO4 in methanol while heating at 90°C in a heat block
for 90 min. We dissolved the produced FAME in hexane and
analyzed them with a gas chromatograph attached to a
mass spectrometer (GC-2010 Plus & QP-2010 Ultra, Shimadzu)
with Zebron ZB-FAME column (30m+ S5 m guardian x
0.25 mm x 0.2 ym). At the beginning of each GC-MS run, the
oven temperature was held at 50°C for 1 min, followed by rais-
ing with 10°C min "' to 130°C, 7°C min~" to 180°C, 2°C min
to 200°C and was held there for 3 min, after which the oven
temperature was raised with 10°C min~' to 260°C. The injec-
tion temperature was 270°C and the interface 250°C. Total

column flow was 27.5 mL min " and linear velocity 36.3 cm s~ .

Identification of the fatty acids was based on ion spectra, and
the fatty acid content calculations were done based on four-
point standard mixture calibration curves (GLC-566c¢, Nu-Chek
Prep) with GC-MS solution version 4.42 (Shimadzu). The inter-
nal standard recovery was 86.7% + 12.9%.

Compound-specific stable isotope analysis

The 3C/'C (5'3C) values of dominant fatty acids present
in macroinvertebrates, periphyton, and dead terrestrial leaves
were determined using gas chromatography-combustion-iso-
tope ratio mass spectrometry (THERMO™,) with helium as the
carrier gas and coupled to a GC Isolink 2™ (Thermo) where
the separated fatty acids were combusted at 1000°C. The gen-
erated CO, was transported with the carrier gas (helium) to
the Conflo IV universal continuous flow interface (Thermo),
where each sample was diluted with the carrier gas helium
and connected with the reference CO, gas. Finally, all CO,
molecules were analyzed in the Delta VIM Advantage Isotope
Ratio Mass Spectrometry (Thermo). The §'*C value of each
fatty acid (8'Cpa) was corrected to account for a single carbon
atom from the methanol (- 27.5 4+ 0.0%o0) that was added
during fatty acid transmethylation using the following
formula:

(number of Cin FAME + 8" Cpame) — (8" Crnethanol)
number of Cin FA

8"3Cpa =

Data analysis
The relationships between multivariate fatty acid data of
the macroinvertebrates and their food sources and water
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quality parameters of the lakes, which represent the predictor
variables, were analyzed with distance-based linear model
(DistLM) and distance-based redundancy analysis (dbRDA)
routine with PRIMER 6 (version 6.1.15) & PERMANOVA (ver-
sion 1.0.5) (PRIMER-E Ltd). TP, TN, and DOC concentrations
were used as continuous and quantitative predictor variables,
and the group of organisms was used as a categorical (nomi-
nal) predictor variable. The analyzed fatty acid data were
reported a mass fractions (ug fatty acid mg dry weight™!) or
relative values (%), and we operated the multivariate statistical
methods on Euclidean distances without transforming the
data (Happel et al. 2017). We used a step-wise procedure for
building the DistLM model and adjusted R? for the selection
criterion for the model.

Because the samples consisted of periphyton, dead leaves,
and animals (highly different organisms), we expected that
the differences in fatty acid composition between groups are
very large, which prevent us from observing finer-scale differ-
ences within taxa and relationships between single fatty acid
groups and water quality. Hence, we studied Pearson’s correla-
tion coefficients between single macroinvertebrate fatty acid
groups and water quality parameters. The examined fatty acid
groups were total fatty acids, EPA, and saturated iso- and
anteiso-methyl-branched fatty acids (i.e., BCFA; Kaneda 1991).
The examined water quality parameters were TP and DOC
concentrations of the lakes, of which the first represents the
nutrient commonly limiting algal growth in Finnish lakes and
the latter the parameter strongly affecting the light climate of
lakes. Pearson’s correlation coefficients were calculated using
the cor.test() function in R version 4.0.5. (R Core Team 2021).
Before Pearson’s correlation, we In(log)-transformed the data
to satisfy the assumption of data being normally distributed
and to improve data visualization.

The correlation between §'3C values of macroinvertebrate
LIN, ALA, and EPA, and §'3C values of LIN, ALA, and EPA in
the two potential food sources, periphyton, and dead terres-
trial leaf were examined using Pearson’s correlation. We exam-
ined only these three PUFA since they could be found from all
the samples, unlike ARA, stearidonic acid, and DHA.

Graphs were established using PRIMER 6 (version 6.1.15)
and ggplot2 (Wickham 2016) in R, version 4.0.5. (R Core
Team 2021).

Results

Fatty acid composition, content, and variation of
macroinvertebrates and their food sources

Chironomids were caught from each of the 17 lakes, Asellus
from 15 lakes, except the highly humic Lake Horkkajarvi and
clear-water Lake Pesosjarvi. Oligochaetes were missing in two
of the most humic lakes, Lake Horkka and Majajarvi, and also
in the rather humic Lake Viippero.

In Asellus, the most abundant fatty acid (mean relative con-
tent of total fatty acids; %) was 16 : 1n-7 (18%), while EPA was

Fatty acid-specific carbon isotopes

the most abundant fatty acid in chironomids (13%; Supporting
Information Table S1). Oligochaetes were richer in EPA (25%),
but had less ARA than Asellus and chironomids (Supporting
Information Table S1). The most abundant fatty acid in periphy-
ton was 16 : 1n-7 (18%; Supporting Information Table S1),
while the most abundant fatty acids in the dead leaves were
16 : 0 (12%), the long-chain saturated fatty acids 26 : 0 (11%)
and 28 : 0 (9%), but also ALA (11%) and LIN (9%) (Fig. 2;
Supporting Information Table S1). Chironomids and Asellus had
the highest total fatty acid contents (mean + SD) (53.5 &+ 18.1
and 40.5 + 16.5 ug mg~!, respectively), followed by oligochaetes
(28.5 £ 9.7 ug mg™ 1), while dead leaves and periphyton had the
lowest  total fatty acid contents (7.2+1.6 and
8.3 & 3.3 ug mg !, respectively). Periphyton had slightly higher
omega-3 : omega-6 (n-3 : n-6) ratios (mean + SD) (2.0 + 0.6)
than chironomids and oligochaetes (1.5 + 0.7 and 1.5 £ 0.4,
respectively), and Asellus and dead leaves had the lowest n-3 : n-
6 ratios (1.1 £ 0.3 and 1.1 £ 1.1, respectively). The BCFA con-
tents were highest in oligochaetes and chironomids (1.3 + 0.6
and 1.2+0.7 ugmg ', respectively), followed by Asellus
(0.8 £ 0.5 ug mg™"), periphyton (0.1 + 0.1 ug mg~') and dead
leaves (0.04 + 0.01 g mg™').

The DistLM and dbRDA showed that taxon primarily
explained the fatty acid composition of macroinvertebrates
instead of environmental characteristics. The adjusted R* of
our DistLM model, including TP, TN, and DOC concentra-
tions, and five groups of organisms (Asellus, Chironomidae,
Oligochaeta, periphyton, and dead terrestrial leaf) as explana-
tory variables, was 0.52. Marginal tests, which test the rela-
tionship between a response variable and an individual
variable, showed that the groups of organisms were the only
significant explanatory variable in the data cloud when taken
alone and ignoring other variables (Supporting Information
Table S2). Sequential (conditional) tests with more than one
explanatory variable showed that the three macroinvertebrate
taxon groups together explained 88% of the model R? vari-
ance, while the environmental variables explained only 6.3%.
Based on their fatty acid composition, taxon groups (including
the groups of periphyton and dead leaves) clustered into sepa-
rate groups (Fig. 2). The data mostly clustered along the
dbRDA1 axis, which explained 75.6% of the fitted variation
and 41.7% of the total variation. Vector correlation of TP, TN,
and DOC concentrations was low, < 0.2 (Fig. 2).

In Asellus, there was a significant negative correlation
between EPA content and lake DOC concentrations (Pearson’s
r=—-0.56, t = —2.55, p < 0.05), but the other tested fatty acid
groups were not significantly related to DOC or TP concentra-
tions (Fig. 3a—c). In chironomids, both total fatty acid content
(Pearson’s r = —0.48, t = —3.15, p<0.01) and EPA content
(Pearson’s r = —0.48, t = —3.13, p < 0.01) were negatively cor-
related with DOC concentrations (Fig. 3d-f). In oligochaetes,
there were significant and strong negative correlations
between DOC concentration and all the tested fatty acid
groups (Pearson’s r ranging from —0.60 to —0.74, p <0.05;
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parameters of the lakes. Water quality parameters, TP, TN, and DOC concentration, representing the vectors in (a), had < 0.2 correlation with the axes,

whereas the vector fatty acids in (b) had > 0.5 correlation with the axes.

Fig. 3g-i). In periphyton (Fig. 3j-1), there was a significant pos-
itive correlation between TP concentrations and total fatty
acid content (Pearson’s r = 0.45, t = 2.32, p < 0.05) as well as
between TP concentrations and EPA content (Pearson’s
r=0.48, t = 2.53, p<0.05). Moreover, in periphyton BCFA
content was significantly correlated with TP (Pearson’s
r =063 t = 336, p<0.01) and DOC concentrations
(Pearson’s r = 0.55, t = 3.01, p < 0.01).

813C values of LIN, ALA, and EPA of macroinvertebrates
and their food sources

Values of 8'3Cy in Asellus ranged from —-22.9%o0 to
—40.2%o between clear oligotrophic Lake Kuorinka and Lake
Haapajarvi with high DOC concentrations. Similarly, the
§13Cara and 8'3Cgpy in Asellus were more enriched in '3C in
clear-water lakes (from —29.3 to —16.0%o) than in lakes
with high DOC concentrations (from —44.1 to —27.4%o;
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Fig. 3. Total fatty acid, EPA and BCFA content (ug fatty acid mg dry weight~' [DW]) of macroinvertebrates and periphyton related to lake DOC and TP
concentrations (Pearson’s correlation). Total fatty acid content is the sum of all the identified fatty acids, and BCFA content is the sum of all the odd-
chain, saturated fatty acids including their iso- and anteiso-branched homologs. Data are log-transformed and only significant correlations (straight lines
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Supporting Information Table S2). Nevertheless, highly neg-
ative 8'3C values of Asellus LIN, ALA, and EPA were found
in clear-water groundwater-fed Lake Syrjdnalunen
(Supporting Information Table S3). Chironomids also
showed similar patterns in the 8'*C values of LIN, ALA, and

EPA as Asellus; with less negative values in clear water com-
pared to more stained lakes, except Lake Syrjinalunen
(Supporting Information Table S3). Similar patterns were
also seen in oligochaetes 8'*C values (Supporting Informa-
tion Table S3).
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of LIN (8"3Cyin), ALA (8'3Cara), and EPA (8"3Cepp). Only significant correlation coefficients are presented. The bands represent 95% confidence intervals.
The number of observations for Chironomidae is larger due to combination of green and red specimens.

The &'3C values of LIN, ALA, and EPA in periphyton
showed similar patterns as the macroinvertebrates with more
enriched in 'C in clear water compared to lakes with high
DOC concentrations (Supporting Information Table S3).
Unfortunately, periphyton samples from the groundwater-fed
Lake Syrjanalunen were lost during the sample processing. In
dead leaves onshore, the variation in §'3C values of fatty acids
was lower compared to macroinvertebrates and periphyton
(Supporting Information Table $3). The mean (+ SD) §"3Cyy
values in dead leaves were isotopically enriched
(= 29.3 £ 1.4%o0) than 8'3Cara (— 33.2 & 2.2%o0). There was no
EPA detected in dead leaves.

In all three macroinvertebrate taxa, §'3Cyy was strongly
correlated with that in periphyton (Pearson’s r = 0.75-0.82,
p<0.01). Only in chironomids, 8'3Cy was also significantly
correlated with that in terrestrial leaves (Pearson’s r = 0.4,
p <0.035, Fig. 4), whereas in the other taxa the relationship was
weak. Also, strong, significant positive correlations (Pearson’s
r = 0.80-0.85, p < 0.001) were found between the 8'3Cy 5 of
macroinvertebrates and periphyton (Fig. 4), but there was no
significant relationship between the 5'3Cara of dead leaves and
the three invertebrate taxa. Similarly, there was a strong, signif-
icant correlation (Pearson’s r = 0.75-0.85, p < 0.01) between
the 8'Cgpa of macroinvertebrates and periphyton (Fig. 4).

1611



Vesterinen et al.

Discussion

This field study demonstrates that the fatty acid composi-
tion of the tested benthic invertebrates, Asellus, chironomids,
and oligochaetes, are primarily taxon-specific despite the
highly variable environmental conditions of these study lakes.
Moreover, our compound-specific stable isotope results indi-
cate that macroinvertebrates obtained their physiologically
essential fatty acid, EPA, from algal-based food rather than
bioconversion from precursors in terrestrial leaf material,
emphasizing the importance of periphyton in these lakes. The
responses of total fatty acid, EPA, and BCFA content to the
selected environmental drivers were variable and differed
among taxa. In general, the increase in the lake DOC concen-
tration was associated with a lower EPA content in all of the
three macroinvertebrate taxa, and also the total fatty acid con-
tent of chironomids and oligochaetes was lower in lakes with
higher DOC concentrations, thus partly supporting our
hypothesis. Yet, an increase in TP concentration had no simi-
lar effect on the fatty acid content of macroinvertebrates as we
hypothesized. Instead, the periphyton total fatty acid, EPA
and BCFA content increased along the TP gradient. Also,
increasing BCFA content in periphyton coincided with lake
DOC and TP concentrations, but DOC and TP concentrations
had no relationship with macroinvertebrate BCFA contents.
This indicates periphyton presumably benefitted more from
high nutrient concentrations than was constrained by poor
light conditions. Also, the increased BCFA content in the
periphyton may be the result of increased overall productivity
and decomposition within the periphytic mats.

There are two potential pathways for EPA in macro-
invertebrates: directly from their algal diet or by elongating and
desaturating dietary ALA, which is also found in terrestrial
leaves. In these boreal lakes, the §'Cyyn, 8'°Cara, and §"3Cgpa
values of macroinvertebrates were positively related to periphy-
ton values, whereas macroinvertebrate 8'3C;;y and 8'3Capa
values were moderately or poorly related to those in dead terres-
trial leaves, indicating that littoral macroinvertebrates received
the majority of their LIN, ALA, and EPA from periphytic algae
in all studied lake types. However, some of the LIN in
macroinvertebrates may have originated from terrestrial sources,
although in our study, only in chironomids the §13C; v value
was significantly correlated with that in terrestrial LIN. This
may be the result of a larger sample size and also a narrower
confidence interval among chironomids. There is experimental
evidence (Goedkoop et al. 2007; Strandberg et al. 2020) that
Chironomus riparius can synthesize ARA and EPA from precursor
fatty acids and sustain viable populations in the presence of
poor-quality food. This capacity probably differs among species
and may, hypothetically, be well-developed with species such as
C. riparius, which are adapted to low-oxygenated and poorly lit
environments, where the access to dietary ALA and EPA is lim-
ited. Strandberg et al. (2020) and Goedkoop et al. (2007) also
demonstrate remarkably higher growth and viability of C.

Fatty acid-specific carbon isotopes

riparius when algal-based food was available. Similarly, Grieve
and Lau (2018) reported higher somatic growth of Asellus
aquaticus when they were fed with both leaf litter and algae,
and, surprisingly, when leaf litter was predominant. Altogether,
these studies emphasize the importance of algal-based food for
macroinvertebrates in various lakes with different relative pro-
portions of allochthonous and autochthonous resources. Our
study supports previous findings, suggesting that periphyton
contributes strongly to macroinvertebrate diets even in highly
humic lakes (Lau et al. 2014b; Vesterinen et al. 2016b). Mixing-
model results based on bulk stable carbon, nitrogen, and/or
hydrogen isotopes, suggest that in many brown-water lakes the
proportion of terrestrial resources could be high in consumer
diets (Cole et al. 2011; Karlsson et al. 2015; Tanentzap
et al. 2017), but experimental studies have shown that con-
sumers poorly assimilate terrestrial organic matter and they
always need algal-origin PUFA for supporting somatic growth
and reproduction (Brett et al. 2009; Taipale et al. 2014;
McMeans et al. 2015).

The pattern of decreasing fatty acid-specific 8'*C values of
periphyton and macroinvertebrates with increasing lake DOC
concentration corresponds with that observed in the bulk
8'3C values of pelagic particulate organic matter (mainly phy-
toplankton) and zooplankton (del Giorgio and France 1996;
Jones et al. 1999; Karlsson et al. 2003). This widely observed
trend is explained to result from bacterial respiration using
allochthonous DOC as their carbon source, uptake of this
depleted dissolved inorganic carbon (DIC) by phytoplankton,
which is then grazed by zooplankton (Jones et al. 1999; Len-
non et al. 2006). We found rather negative 5'3C values of LIN,
ALA, and EPA also in periphyton, which can be interpreted to
be due to uptake of heterotrophically respired DIC and the
subsequent synthesis of n-3 and n-6 PUFA by periphyton
(Wetzel 1993; Nakano 1996). Alternatively, isotopic fraction-
ation may be greater between intracellular environment and
cell matrix when periphyton growth rate is low due to reduced
light availability, thus, affecting the §'3C values of periphyton
cells (Finlay 2004; Hill and Middleton 2006; Hill et al. 2008).
Although not measured, potentially very low periphyton pro-
duction in the dystrophic lakes in our study may explain the
low 8'3Cp, values. Vesterinen et al. (2017) reported low
periphyton primary production in Lake Horkkajarvi, the most
stained study lake. A possibility that macroinvertebrates could
get high EPA and DHA contents from bacterial-dominated het-
erotrophic biofilms or methane-oxidizing bacteria is very
unlikely since these bacteria do not contain n-3 or n-6 PUFA
(Taipale et al. 2012; Brett et al. 2017). Therefore, it is obvious,
as supported by our data, that LIN, ALA, and EPA in
macroinvertebrates are mostly of algal origin. However, the
more depleted 8'3Cp, values of periphyton in the lakes of high
DOC concentrations compared with the clear-water lakes may
indicate that recycling of heterotrophically respired allo-
chthonous carbon and subsequently taken up by periphyton
may be an alternative nutritional carbon pathway.
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When considering the effect of lake eutrophication and
browning on the fatty acid content of macroinvertebrates, an
important aspect is the availability and transfer of fatty acids,
especially EPA and DHA, to higher trophic levels. The pool of
EPA and DHA in the littoral habitats is largely affected by the
magnitude of periphyton primary production, which can be
strongly suppressed by shading of phytoplankton in eutrophic
lakes or increased browning effect by terrestrial DOC
(Vadeboncoeur and Lodge 2000; Vadeboncoeur et al. 2003;
Ask et al. 2009). Eutrophication and browning both can
severely reduce macroinvertebrate production (Jones
et al. 2014), but also fish production in lakes (Karlsson
et al. 2009). However, the effects of increased nutrient and
DOC concentrations on consumer production are complex
and habitat-specific (Jones et al. 2014). For example, Vest-
erinen et al. (2016a, 2017) found rather highly productive
periphyton attached to floating-leaved or submerged vegeta-
tion in highly humic lakes, indicating that periphyton con-
tributed strongly to macroinvertebrate diets (Vesterinen et al.
2016b). In this study, we did not measure periphyton and
macroinvertebrate biomass and production, as the samples
were collected for diet quality purposes. However, a strong
productivity gradient along the lakes from highly oligotrophic
to highly humic and eutrophic can be assumed. It appears
that fatty acid content and composition of macro-
invertebrates, although being rather taxon-specific, are also
affected by environmental characteristics, such as DOC
concentrations.

It is important to consider that eutrophication and brow-
ning can both shape the community structures of benthic
macroinvertebrates and favor different feeding habits (Vander
Zanden and Vadeboncoeur 2020; Kesti et al. 2021). In our
study, oligochaetes were less frequent in the humic lakes than
in the other types of lakes. They were particularly missing
from steep-sided, strongly stratified, and highly humic lakes
Majajdrvi and Horkkajdrvi. In such lakes, both periphyton and
macroinvertebrate production is limited to a narrow margin
and within the aquatic vegetation, where several macro-
invertebrate taxa, including chironomids and Asellus, can suc-
ceed (Kairesalo et al. 1992; Vesterinen et al. 2016b, 2017).
Oligochaetes, however, are commonly found in benthic sedi-
ments or other relatively flat surfaces (Sdrkkd and Aho 1980;
Sarkkd 1982). Potential ineptitude to attach to macrophyte or
bryophyte substrata may explain why oligochaetes were not
found in the lakes most rich in DOC. Generally, Oligochaeta
species seem to cope with eutrophication, darker water color,
and low oxygen concentrations found in Finland (Sarkkd and
Aho 1980), but their surprisingly high EPA content in our
study lakes is a strong indication of algal-based diet and/or
efficient bioconversion ability.

Due to the fact, that eutrophication and browning
shape the macroinvertebrate community structures (Kesti
et al. 2021), there are probably marked differences in the spe-
cies composition within our study lake set. This is likely to

Fatty acid-specific carbon isotopes

have had an impact on the results when comparing taxa at
the level of family or subclass (Chironomidae and
Oligochaeta). Also, chironomids and oligochaetes may have
included both detritivore and predatory taxa, having a closer
or more distant trophic link to algae. This, however, does not
have a significant impact on the interpretation of the com-
pound-specific stable isotope results because the §'3Cp, values
of macroinvertebrates and periphyton were closely related to
each other. The fact that there were such clear correlations,
despite the lower taxonomic resolution, indicates that these
are ecologically highly relevant results. If there were more dis-
tant trophic links between algae and some macroinvertebrate
species, this would indicate that these essential fatty acids pass
through the food chains unmodified. However, a more accu-
rate taxonomic resolution is recommended in similar studies
in the future, since this could probably also reveal more spe-
cific and stronger fatty acid relationships between certain
macroinvertebrate taxa and their food sources.

In conclusion, while the fatty acid compositions of benthic
macroinvertebrates were mostly taxon-specific and not
strongly influenced by physico-chemical characteristics of
lakes, the total fatty acid and EPA contents were affected by
water quality. Although this study did not report on biomass
of periphyton and macroinvertebrates across this lake gradi-
ent, it indicates that the macroinvertebrate production in
lakes may be partly limited by algal-derived PUFA, specifically
EPA. This field study supports the recent findings that even
the most stained lakes may have remarkable periphyton pro-
duction contributing to macroinvertebrate diets.

Data availability statement

The authors confirm that the data supporting the findings
of this study are available within the article its supplementary
materials.

References

Algesten, G., S. Sobek, A. K. Bergstrom, A. Agren, L. J. Tranvik,
and M. Jansson. 2004. Role of lakes for organic carbon
cycling in the boreal zone. Glob. Chang. Biol. 10: 141-147.
doi:10.1111/j.1365-2486.2003.00721.x

Ask, J., J. Karlsson, L. Persson, P. Ask, P. Bystrom, and M.
Jansson. 2009. Terrestrial organic matter and light penetra-
tion: Effects on bacterial and primary production in lakes.
Limnol. Oceanogr. 54: 2034-2040. doi:10.4319/10.2009.54.
6.2034

Brett, M. T., M. J. Kainz, S. J. Taipale, and H. Seshan. 2009.
Phytoplankton, not allochthonous carbon, sustains herbiv-
orous zooplankton production. Proc. Natl. Acad. Sci. 106:
21197-21201. doi:10.1073/pnas.0904129106

Brett, M. T., and others. 2017. How important are terrestrial
organic carbon inputs for secondary production in freshwa-
ter ecosystems? Freshw. Biol. 62: 833-853. doi:10.1111/
twb.12909

1613


https://doi.org/10.1111/j.1365-2486.2003.00721.x
https://doi.org/10.4319/lo.2009.54.6.2034
https://doi.org/10.4319/lo.2009.54.6.2034
https://doi.org/10.1073/pnas.0904129106
https://doi.org/10.1111/fwb.12909
https://doi.org/10.1111/fwb.12909

Vesterinen et al.

Butkas, K.J., Y. Vadeboncoeur Y & M. J. Vander Zanden. 2011.
Estimating benthic invertebrate production in lakes: A
comparison of methods and scaling from individual taxa to
the whole-lake level. Aquat. Sci. 73: 153-169. doi:10.1007/
s00027-010-0168-1,

Carlson, R. E. 1977. A trophic state index for lakes. Limnol.
Oceanogr. 22: 361-369. doi:10.4319/10.1977.22.2.0361

Cole, ]J. J., S. R. Carpenter, J. Kitchell, M. L. Pace, C. T.
Solomon, and B. Weidel. 2011. Strong evidence for terres-
trial support of zooplankton in small lakes based on stable
isotopes of carbon, nitrogen, and hydrogen. Proc. Natl.
Acad. Sci. USA 108: 1975-1980. doi:10.1073/pnas.
1012807108

Devlin, S. P., M. J. Vander Zanden, and Y. Vadeboncoeur.
2013. Depth-specific variation in carbon isotopes demon-
strates resource partitioning among the littoral zoobenthos.
Freshw. Biol. §8: 2389-2400. doi:10.1111/fwb.12218

De Wit, H. H., and others. 2016. Current browning of surface
waters will be further promoted by water climate. Environ.
Sci. Technol. 3: 430-435.

Finlay, J. C. 2004. Patterns and controls of lotic algal stable
carbon isotope ratios. Limnol. Oceanogr. 49: 850-861. doi:
10.4319/10.2004.49.3.0850

Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A simple
method for the isolation and purification of total lipides
from animal tissues. J. Biol. Chem. 226: 497-509. doi:10.
1007/s10858-011-9570-9

Del Giorgio, P. A., and R. L. France. 1996. Ecosystem-specific
patterns in the relationship between zooplankton and
POM or microplankton 8'C. Limnol. Oceanogr. 41: 359—
365. doi:10.4319/10.1996.41.2.0359

Grieve, A., and D. C. P. Lau. 2018. Do autochthonous
resources enhance trophic transfer of allochthonous
organic matter to aquatic consumers, or vice versa? Eco-
sphere 9: €02307. doi:10.1002/ecs2.2307

Goedkoop, W., M. Demandt, and G. Ahlgren. 2007. Interac-
tions between food quantity and quality (long-chain poly-
unsaturated fatty acid concentrations) effects on growth
and development of Chironomus riparius. Can. ]. Fish.
Aquat. Sci. 64: 425-436. doi:10.1139/f07-016

Guo, F., M. J. Kainz, D. Valdez, F. Sheldon, and S. E. Bunn.
2016. High-quality algae attached to S. K leaf litter boost
invertebrate shredder growth. Freshw. Sci. 358: 1213-1221.
doi:10.1086/688667

Happel, A., S. Czesny, J. Rinchard, and S. D. Hanson. 2017.
Data pre-treatment and choice of resemblance metric affect
how fatty acid profiles depict known dietary origins. Ecol.
Res. 32: 757-767. doi:10.1007/s11284-017-1485-9

Hill, W. R, and R. G. Middleton. 2006. Changes in carbon sta-
ble isotope ratios during periphyton development. Limnol.
Oceanogr. 51: 2360-2369. do0i:10.4319/10.2006.51.5.2360

Hill, W. R., S. E. Fanta, and B. J. Roberts. 2008. 13C dynamics
in benthic algae: Effects of light, phosphorus, and biomass

Fatty acid-specific carbon isotopes

development. Limnol. Oceanogr. §3: 1217-1226. doi:10.
4319/10.2008.53.4.1217

Hiltunen, M., E. Peltomaa, M. T. Brett, S. L. Aalto, U.
Strandberg, ]J. Oudenampsen, L. M. Burgwal, and S. J.
Taipale. 2019. Terrestrial organic matter quantity or decom-
position state does not compensate for its poor nutritional
quality for Daphnia. Freshw. Biol. 64: 1769-1786. doi:10.
1111/fwb.13368

Hynes, H. B. N. 1975. The stream and its valley. Verh. Inter-
nat. Verein. Limnol. 19: 1-15. doi:10.1080/03680770.1974.
11896033

Jones, R. I, J. Grey, D. Sleep, and L. Arvola. 1999. Stable iso-
tope analysis of zooplankton carbon nutrition in humic
lakes. Oikos 86: 97-104. doi:10.2307/3546573

Jonmes, S. E., C. T. Solomon, and B. C. Weidel. 2014. Subsidy or
subtraction: How do terrestrial inputs influence consumer
production in lakes? Freshw. Rev. §: 37-49. doi:10.1608/frj-
5.1.475

Kainz, M. J., O. E. Johannsson, and M. T. Arts. 2010. Diet
effects on lipid composition, somatic growth potential, and
survival of the benthic amphipod Diporeia spp. J. Great
Lakes Res. 36: 351-356. doi:10.1016/j.jglr.2010.02.004

Kairesalo, T., A. Lehtovaara, and P. Saukkonen. 1992. Littoral-
pelagial interchange and the decomposition of dissolved
organic matter in a polyhumic lake. Hydrobiologia 229:
199-224. doi:10.1007/BFO0007001

Kaneda, T. 1991. Iso- and anteiso-fatty acids in bacteria: bio-
synthesis, function, and taxonomic significance. Microbiol
Rev. 55: 288-302. doi:10.1128/mr.55.2.288-302.1991

Karlsson, J. 2007. Different carbon support for respiration and
secondary production in unproductive lakes. Oikos 116:
1691-1696. doi:10.1111/j.2007.0030-1299.15825.x

Karlsson, J., A. Jonsson, M. Meili, and M. Jansson. 2003. Con-
trol of zooplankton dependence on allochthonous organic
carbon in humic and clear-water lakes in northern Sweden.
Limnol. Oceanogr. 48: 269-276. d0i:10.4319/10.2003.48.1.
0269

Karlsson, J., P. Bystrom, J. Ask, P. Ask, L. Persson, and M.
Jansson. 2009. Light limitation of nutrient-poor lake eco-
systems. Nature 460: 506-509. doi:10.1038/nature08179

Karlsson, J., A.-K. Bergstrom, P. Bystrom, C. Gudasz, P.
Rodriguez, and C. Hein. 2015. Terrestrial organic matter
input suppresses biomass production in lake ecosystems.
Ecology 96: 2870-2976. doi:10.1890/15-0515.1

Kesti, P., M. Hiltunen, U. Strandberg, J. Vesterinen, S. Taipale,
and P. Kankaala. 2021. Lake browning impacts community
structure and essential fatty acid content of littoral inverte-
brates in boreal lakes. Hydrobiologia (2021). doi:10.1007/
$10750-021-04760-1, 4, 967, 984

Kortelainen, P. 1993. Content of total organic carbon in Finn-
ish lakes and its relationship to catchment characteristics.
Can. ]J. Fish. Aquat. Sci. 50: 1477-1483. doi:10.1139/
f93-168

1614


https://doi.org/10.1007/s00027-010-0168-1
https://doi.org/10.1007/s00027-010-0168-1
https://doi.org/10.4319/lo.1977.22.2.0361
https://doi.org/10.1073/pnas.1012807108
https://doi.org/10.1073/pnas.1012807108
https://doi.org/10.1111/fwb.12218
https://doi.org/10.4319/lo.2004.49.3.0850
https://doi.org/10.1007/s10858-011-9570-9
https://doi.org/10.1007/s10858-011-9570-9
https://doi.org/10.4319/lo.1996.41.2.0359
https://doi.org/10.1002/ecs2.2307
https://doi.org/10.1139/f07-016
https://doi.org/10.1086/688667
https://doi.org/10.1007/s11284-017-1485-9
https://doi.org/10.4319/lo.2006.51.5.2360
https://doi.org/10.4319/lo.2008.53.4.1217
https://doi.org/10.4319/lo.2008.53.4.1217
https://doi.org/10.1111/fwb.13368
https://doi.org/10.1111/fwb.13368
https://doi.org/10.1080/03680770.1974.11896033
https://doi.org/10.1080/03680770.1974.11896033
https://doi.org/10.2307/3546573
https://doi.org/10.1608/frj-5.1.475
https://doi.org/10.1608/frj-5.1.475
https://doi.org/10.1016/j.jglr.2010.02.004
https://doi.org/10.1007/BF00007001
https://doi.org/10.1128/mr.55.2.288-302.1991
https://doi.org/10.1111/j.2007.0030-1299.15825.x
https://doi.org/10.4319/lo.2003.48.1.0269
https://doi.org/10.4319/lo.2003.48.1.0269
https://doi.org/10.1038/nature08179
https://doi.org/10.1890/15-0515.1
https://doi.org/10.1007/s10750-021-04760-1
https://doi.org/10.1007/s10750-021-04760-1
https://doi.org/10.1139/f93-168
https://doi.org/10.1139/f93-168

Vesterinen et al.

Kortelainen, P., T. Mattsson, L. Finér, M. Ahtiainen, S.
Saukkonen, and T. Sallantaus. 2006. Controls on the export
of C, N, P and Fe from undisturbed boreal catchments. Fin-
land Aquat. Sci. 68: 453-468. doi:10.1007/s00027-006-
0833-6

Koussoroplis, A. M., J. Nussbaumer, M. T. Arts, I. A. Guschina,
and M. J. Kainz. 2014. Famine and feast in a common
freshwater calanoid: Effects of diet and temperature on
fatty acid dynamics of Eudiaptomus gracilis. Limnol. Ocean-
ogr. 5§9: 947-958. doi:10.4319/10.2014.59.3.0947

Lancaster, J., and B. J. Downes. 2013. Aquatic entomology.
Oxford Univ. Press.

Lau, D. C. P., T. Vrede, J. Pickova, and W. Goedkoop. 2014 a.
Fatty acid composition of consumers in boreal lakes—Varia-
tion across species, space and time. Freshw. Biol. 57: 24-38.
doi:10.1111/j.1365-2427.2011.02690.x

Lau, D. C. P.,, 1. Sundh, T. Vrede, J. Pickova, and W.
Goedkoop. 2014 b. Autochthonous resources are the main
driver of consumer production in dystrophic boreal lakes.
Ecology 95: 1506-1519. doi:10.1890/13-1141.1

Lennon, J. T., A. M. Faiia, X. Feng, and K. L. Cottingham.
2006. Relative importance of CO, recycling and CHy4 path-
ways in lake food webs along a dissolved organic carbon
gradient. Limnol. Oceanogr. 51: 1602-1613. doi:10.4319/
10.2006.51.4.1602

Mattsson, T., P. Kortelainen, and A. Rdike. 2005. Export of
DOM from boreal catchments: Impacts of land use cover
and climate. Biogeochemistry 76: 373-394. doi:10.1007/
$10533-005-6897-x

Monteith, D. T., and others. 2007. Dissolved organic carbon
trends resulting from changes in atmospheric deposition
chemistry. Nature 450: 537-540. doi:10.1038/nature06316

Murray, D. S., H. Hager, D. R. Tocher, and M. J. Kainz. 2014.
Effect of partial replacement of dietary fish meal and oil by
pumpkin kernel cake and rapeseed oil on fatty acid compo-
sition and metabolism in Arctic charr (Salvelinus alpinus).
Aquaculture 431: 85-91. doi:10.1016/j.aquaculture.2014.
03.039

McMeans, B. C., A. M. Koussoroplis, M. T. Arts, and M. J.
Kainz. 2015. Terrestrial dissolved organic matter supports
growth and reproduction of Daphnia magna when algae are
limiting. J. Plankton Res. 37: 1201-1209. doi:10.1093/
plankt/fbv083

Nakano, S. 1996. Bacterial response to extracellular dissolved
organic carbon released from healthy and senescent
Fragilaria crotonensis (Bacillariophyceae) in experimental
systems. Hydrobiologia 339: 47-55. doi:10.1007/BFO00
08912

Pace, M. L., and others. 2004. Whole-lake carbon-13 additions
reveal terrestrial support of aquatic food webs. Nature 427:
240-243. doi:10.1038/nature02227

R Core Team. 2021. R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing.
Available from https://www.R-project.org/

Fatty acid-specific carbon isotopes

Rasmussen, J. B. 2010. Estimating terrestrial contribution to
stream invertebrates and periphyton using a gradient-based
mixing model for delta 13C. J. Anim. Ecol. 79: 393-402.
doi:10.1111/j.1365-2656.2009.01648.x

Sarkkd, J. 1982. On the ecology of littoral Oligochaeta of an
oligotrophic Finnish lake. Ecography §: 396-404. doi:10.
1111/j.1600-0587.1982.tb01054.x

Sarkkd, J., and J. Aho. 1980. Distribution of aquatic
Oligochaeta in the Finnish Lake District. Freshw. Biol. 10:
197-206. doi:10.1111/j.1365-2427.1980.tb01194.x

Solomon, C. T., and others. 2015. Ecosystem consequences of
changing inputs of terrestrial dissolved organic matter to
lakes: Current knowledge and future challenges. Ecosys-
tems 18: 376-389. do0i:10.1007/s10021-015-9848-y

Strandberg, U., M. Hiltunen, E. Jelkdnen, S. J. Taipale, M. J.
Kainz, M. T. Brett, and P. Kankaala. 2015. Selective transfer
of polyunsaturated fatty acids from phytoplankton to
planktivorous fish in large boreal lakes. Sci. Total Environ.
536: 858-865. doi:10.1016/j.scitotenv.2015.07.010

Strandberg, U., M. Hiltunen, N. Rissanen, S. Taipale, ]J.
Akkanen, and P. Kankaala. 2020. Increasing concentration
of polyunsaturated fatty acids in browning boreal lakes is
driven by nuisance alga Gonyostomum. Ecosphere 11:
€03189. doi:10.1002/ecs2.3189

Taipale, S. J., M. T. Brett, K. Pulkkinen, and M. J. Kainz. 2012.
The influence of bacteria-dominated diets on Daphnia
magna somatic growth, reproduction, and lipid composi-
tion. FEMS Microbiol. Ecol. 82: 50-62. do0i:10.1111/j.1574-
6941.2012.01406.x

Taipale, S. J., M. T. Brett, M. W. Hahn, D. Martin-Creuzburg, S.
Yeung, M. Hiltunen, U. Strandberg, and P. Kankaala. 2014.
Differing Daphnia magna assimilation efficiencies for terres-
trial, bacterial, and algal carbon and fatty acids. Ecology 95:
563-576. doi:10.1890/13-0650.1

Taipale, S. J., K. Vuorio, U. Strandberg, K. K. Kahilainen, M.
Jarvinen, M. Hiltunen, E. Peltomaa, and P. Kankaala. 2016.
Lake eutrophication and brownification downgrade avail-
ability and transfer of essential fatty acids for human con-
sumption. Environ. Int. 96: 156-166. doi:10.1016/j.envint.
2016.08.018

Tanentzap, A. J., and others. 2017. Terrestrial support of lake
food webs: Synthesis reveals controls over cross-ecosystem
resource use. Sci. Adv. 3: e1601765. doi:10.1126/sciadv.
1601765

Vadeboncoeur, Y., and D. M. Lodge. 2000. Periphyton
production on wood and sediment: Substratum-specific
response to laboratory and whole-lake nutrient manipula-
tions. J. North Am. Benthol. Soc. 19: 68-81. do0i:10.2307/
1468282

Vadeboncoeur, Y., E. Jeppesen, M. J. Vander Zanden, H. H.
Schierup, K. Christoffersen, and D. M. Lodge. 2003. From
Greenland to green lakes: Cultural eutrophication and the
loss of benthic pathways in lakes. Limnol. Oceanogr. 48:
1408-1418. doi:10.4319/10.2003.48.4.1408

1615


https://doi.org/10.1007/s00027-006-0833-6
https://doi.org/10.1007/s00027-006-0833-6
https://doi.org/10.4319/lo.2014.59.3.0947
https://doi.org/10.1111/j.1365-2427.2011.02690.x
https://doi.org/10.1890/13-1141.1
https://doi.org/10.4319/lo.2006.51.4.1602
https://doi.org/10.4319/lo.2006.51.4.1602
https://doi.org/10.1007/s10533-005-6897-x
https://doi.org/10.1007/s10533-005-6897-x
https://doi.org/10.1038/nature06316
https://doi.org/10.1016/j.aquaculture.2014.03.039
https://doi.org/10.1016/j.aquaculture.2014.03.039
https://doi.org/10.1093/plankt/fbv083
https://doi.org/10.1093/plankt/fbv083
https://doi.org/10.1007/BF00008912
https://doi.org/10.1007/BF00008912
https://doi.org/10.1038/nature02227
https://www.R-project.org/
https://doi.org/10.1111/j.1365-2656.2009.01648.x
https://doi.org/10.1111/j.1600-0587.1982.tb01054.x
https://doi.org/10.1111/j.1600-0587.1982.tb01054.x
https://doi.org/10.1111/j.1365-2427.1980.tb01194.x
https://doi.org/10.1007/s10021-015-9848-y
https://doi.org/10.1016/j.scitotenv.2015.07.010
https://doi.org/10.1002/ecs2.3189
https://doi.org/10.1111/j.1574-6941.2012.01406.x
https://doi.org/10.1111/j.1574-6941.2012.01406.x
https://doi.org/10.1890/13-0650.1
https://doi.org/10.1016/j.envint.2016.08.018
https://doi.org/10.1016/j.envint.2016.08.018
https://doi.org/10.1126/sciadv.1601765
https://doi.org/10.1126/sciadv.1601765
https://doi.org/10.2307/1468282
https://doi.org/10.2307/1468282
https://doi.org/10.4319/lo.2003.48.4.1408

Vesterinen et al.

Vance, D. E., and J. E. Vance. 1996. Biochemistry of lipids,
lipoproteins and membranes. Elsvier Science B.V.

Vander Zanden, M. J., and Y. Vadeboncoeur. 2020. Putting
the lake back together 20 years later: What in the ben-
thos have we learned about habitat linkages in lakes?
Inland Waters 10: 305-321. doi:10.1080/20442041.2020.
1712953

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R.
Sedell, and C. E. Cushing. 1980. The river continuum
concept. Can. J. Fish. Aquat. Sci. 37: 130-137. doi:10.
1139/180-017

Vesterinen, J., S. P. Devlin, J. Syvdranta, and R. L. Jones. 2016
a. Accounting for littoral primary production by periphy-
ton shifts a highly humic boreal lake towards net autotro-
phy. Freshw. Biol. 61: 265-276. doi:10.1111/twb.12700

Vesterinen, J., J. Syvdranta, S. P. Devlin, and R. 1. Jones. 2016b.
Periphyton support for littoral secondary production in a
highly humic boreal lake. Freshw. Sci. 35: 1235-1247. doi:
10.1086/689032

Vesterinen, J., S. P. Devlin, J. Syvdranta, and R. I. Jones. 2017.
Influence of littoral periphyton on whole-lake metabolism
relates to littoral vegetation in humic lakes. Ecology 98:
3074-3085. doi:10.1002/ecy.2012

Wetzel, R. G. 1993. Microcommunities and microgradients:
Linking nutrient regeneration, microbial mutualism, and

Fatty acid-specific carbon isotopes

high sustained aquatic primary production. Neth. J. Aquat.
Ecol. 27: 3-9. doi:10.1007/BF02336924

Wetzel, R. G. 2001. Limnology: Lake and river ecosystems.
Gulf Professional Publishing.

Weyhenmeyer, G. A., Y. T. Prairie, and L. J. Tranvik. 2014.
Browning of boreal freshwaters coupled to carbon-iron
interactions along the aquatic continuum. PLoS One 9:
€106357. doi:10.1371/journal.pone.0088104

Wickham, H. 2016. Data Analysis. In ggplot2 elegant graphics
for data analysis. Springer International Publishing.

Acknowledgments

The authors thank Mikko Kiljunen and Jos Schilder for their help in the
field sampling. We also thank Katharina Winter at WasserCluster Lunz,
Austria, for technical assistance with compound-specific fatty acid ana-
lyses. This study was funded by research grants from the Academy of Fin-
land (310450 to P.K.).

Conflict of Interest
None declared.

Submitted 26 August 2021
Revised 01 February 2022
Accepted 06 May 2022

Associate editor: Grace M. Wilkinson

1616


https://doi.org/10.1080/20442041.2020.1712953
https://doi.org/10.1080/20442041.2020.1712953
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1111/fwb.12700
https://doi.org/10.1086/689032
https://doi.org/10.1002/ecy.2012
https://doi.org/10.1007/BF02336924
https://doi.org/10.1371/journal.pone.0088104

	 Periphyton as a key diet source of essential fatty acids for macroinvertebrates across a nutrient and dissolved organic ca...
	Material and methods
	Study lakes and the sampling
	Fatty acid analysis
	Compound-specific stable isotope analysis
	Data analysis

	Results
	Fatty acid composition, content, and variation of macroinvertebrates and their food sources
	δ13C values of LIN, ALA, and EPA of macroinvertebrates and their food sources

	Discussion
	Data availability statement

	References
	Acknowledgments
	Conflict of Interest



