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Abstract
1. Aquatic and terrestrial ecosystems differ fundamentally in the abundance of long-

chained polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic acid (EPA; 
20:5n-3), which are produced by aquatic algae, but only in low quantities by ter-
restrial plants. Aquatic insects, such as Chironomidae (non-biting midges) feed on 
algae during their larval stage, making them rich in EPA and therefore high-quality 
prey for insectivores after emergence. However, the magnitude of EPA subsidies 
from aquatic insects may be different among water bodies in response to abiotic 
(e.g. nutrient load) as well as biotic factors (e.g. food web structure).

2. To test the predation effects of crucian carp (Carassius carassius), nutrient con-
centrations, and Chironomidae community composition on the fatty acid export 
from aquatic ecosystems, we conducted a 25-day experiment across 20 1,500-L 
mesocosms covering a total phosphorus (TP) gradient of 20–1,000 µg/L.

3. Twice a week, we collected adult emerging Chironomidae and found differences 
in fatty acid composition in the two most abundant chironomid species emerging 
from the mesocosms. Two PUFAs, α-linolenic acid and EPA, contributed to most 
of the variation in Chironomidae fatty acid content across the nutrient gradient. 
Whereas the proportions of α-linolenic acid were positively correlated to the me-
socosm TP concentration, we found a negative correlation for the proportions of 
Chironomidae EPA and mesocosm TP concentration. However, despite lower bio-
mass-specific EPA content at higher TP, higher biomass of emerging Chironomidae 
at intermediate TP concentrations resulted in higher total export of PUFAs from 
water to land.

4. Predation pressure from carp decreased the biomass of emerging Chironomidae 
on average 8-fold. Chironomidae biomass showed a hump-shaped relationship 
along the TP-gradient and was strongly influenced by periphyton biomass.

5. Export rates of EPA and fatty acids in general responded in a quadratic manner 
along the nutrient gradient, reaching a maximum value at a TP of 400 µg/L and 
decreasing thereafter.
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1  | INTRODUC TION

Aquatic and terrestrial ecosystems are tightly linked via multiple 
connections and fluxes that can occur in both directions, from land 
to water, but also from water to land (Polis, Anderson, & Holt, 1997; 
Vander Zanden & Gratton, 2011). A meta-analysis by Bartels et al. 
(2012) suggests that the flow of energy and nutrients from water to 
land are of higher quality than vice versa. One important food qual-
ity aspect is the abundance of polyunsaturated fatty acids (PUFAs), 
which are generally defined as fatty acids with two or more dou-
ble bonds (e.g. Parrish, 1999). These components are important for 
several physiological processes in the metabolism of organisms, for 
instance the regulation of immune functions, but also the makeup of 
cell membranes (Parrish, 2009), and they are considered essential for 
the growth and reproduction of consumers (Brett & Müller-Navarra, 
1997).

Consumers receive most of the PUFAs they need, directly or 
indirectly, from photosynthetic primary producers (Bell & Tocher, 
2009) and the fatty acid composition of primary consumers usually 
reflects that of primary producers (Guo, Kainz, Sheldon, & Bunn, 
2016; Torres-Ruiz, Wehr, & Perrone, 2007). Higher-level consumers 
in the food web may then obtain PUFAs via feeding on lower trophic 
levels that serve as integrators of the high-quality food (Strandberg 
et al., 2015; Twining, Brenna, Hairston, & Flecker, 2016). Compared 
to terrestrial plants, aquatic algae produce much higher amounts of 
long-chained PUFAs, such as eicosapentaenoic acid (EPA; 20:5n-3), 
which is especially valuable for the metabolism of consumers and 
this results in a fundamental imbalance between the food qualities 
of those two ecosystems (Ahlgren, Gustafsson, & Boberg, 1992; 
Hixson, Sharma, Kainz, Wacker, & Arts, 2015).

Aquatic insects act as one of the major pathways to export EPA 
from water to land (Borisova, Makhutova, Gladyshev, & Sushchik, 
2016; Gladyshev, Sushchik, & Makhutova, 2013; Popova et al., 2017). 
Many aquatic insects have a complex life cycle with an aquatic larval 
stage that feeds on algae, but, after reaching maturity, emerges and 
flies out to the terrestrial ecosystem where they may serve as prey for 
many terrestrial predators, such as bats, birds, and spiders (Schreiber 
& Rudolf, 2008). In a global estimate of the export of long-chained 
PUFAs from aquatic to the terrestrial ecosystems, emerging aquatic 
insects contributed on average to >27% of the long-chained PUFAs 
transported from waters to land (Gladyshev et al., 2013). Several 
studies including lake and stream surveys have found that among 
emerging insects, the group Chironomidae (non-biting midges) form 

the highest proportion and biomass of emerging individuals (Baxter, 
Fausch, & Saunders, 2005; Hoekman, Dreyer, Jackson, Townsend, & 
Gratton, 2011; Martin-Creuzburg, Kowarik, & Straile, 2017).

While recent studies highlight the importance of PUFA-rich 
aquatic insects for the fitness of terrestrial predators (Fritz et al., 
2017; Twining, Shipley, & Winkler, 2018), so far, our knowledge is 
limited about the variability in the export of fatty acids from aquatic 
ecosystems. First, predation can strongly regulate the abundance 
and biomass of emerging insects (Knight, McCoy, Chase, McCoy, & 
Holt, 2005; Wesner, 2016), including Chironomidae (Pitcher & Soluk, 
2018). It can therefore be hypothesised that in systems where fish 
predators are absent, the export rate of fatty acids via Chironomidae 
is higher than in systems where fish are present. Second, it can be 
assumed that the fatty acid composition of aquatic insects is highly 
influenced by the trophic state of the ecosystem. Therefore, the 
quantity of algae available as food for Chironomidae may be a con-
sequence of nutrient availability in the system that might be trans-
lated to Chironomidae growth and abundance (de Haas, van Haaren, 
Koelmans, Kraak, & Admiraal, 2005; Vos, Peeters, Gylstra, Kraak, & 
Admiraal, 2004). Third, interspecific variation in Chironomidae may 
contribute to variable export rates of fatty acids. Chironomidae 
have diverse modes of feeding (Monakov, 1972), and ecologically 
similar species are commonly regarded as functional feeding groups 
(Cummins, 1973). Collector–gatherers are deposit feeding larvae and 
this feeding mode is also the most common one in Chironomidae. 
Collector–filterers are suspension feeders that filter food particles 
from the water column, scrapers acquire food by shearing material 
from surfaces, whereas shredders use chewing, mining, gouging, or 
rasping when feeding, and predators ingest parts or whole organ-
ism as prey (Armitage, Cranston, & Pinder, 1997). PUFA composi-
tion in Chironomidae may therefore depend on the species-specific 
feeding specialisation, and the aquatic–terrestrial export of PUFA 
might strongly depend on the community composition. For example, 
predatory species are generally found to be rich in PUFAs (Guo et 
al., 2018; Lau, Vrede, Pickova, & Goedkoop, 2012; Strandberg et al., 
2015), but overall, our knowledge is limited on species-specific fatty 
acid composition of Chironomidae (but see Makhutova, Borisova, 
Shulepina, Kolmakova, & Sushchik, 2017).

In this study, we tested the export of EPA and other fatty acids 
via emergence of Chironomidae, as a response to fish predation, 
trophic state, and Chironomidae species composition. We con-
ducted an experiment consisting of floating mesocosms in which 
we established a nutrient gradient covering concentrations of total 

6. These findings highlight that the export of fatty acids from aquatic systems via 
adult Chironomidae is highly dependent on fish predation pressure, but also the 
nutrient concentrations of the system.

K E Y W O R D S

aquatic-terrestrial linkage, Chironomidae, mesocosms, nutrient gradient, polyunsaturated 
fatty acids (PUFA)



     |  567SCHARNWEBER Et Al.

phosphorus (TP) from 20 to 1,000 µg/L and analysed the fatty acid 
composition of the emerging Chironomidae. We hypothesised that: 
(1) export rates are related to predation pressure, i.e. Chironomidae 
abundance decreases in the presence of fish predators and there-
fore higher export rates occur in mesocosms without fish; (2) export 
of EPA and other fatty acids in general via emerging Chironomidae 
varies with nutrient levels and is related to the production of periph-
yton that chironomid larvae feed on; and (3) fatty acid composition 
in Chironomidae depends on species composition.

2  | METHODS

2.1 | Experimental set-up

To test the effects of increasing nutrient concentrations on the 
fatty acid composition of emerging Chironomidae we conducted 
a mesocosm experiment that allows the realism of natural eco-
systems, and at the same time the possibilities of controlled and 
replicated experimental design needed for hypothesis testing. 
However, this particular design does not allow quantifying natu-
ral biomasses and emergence rates. Our mesocosm facility was 
set-up in Lake Erken (59°51′N, 18°36′E) in Central Sweden, which 
is a meso-eutrophic lake with ambient concentrations of TP at 
31 µg/L and total nitrogen (TN) at 0.7 mg/L (unpublished average 
of 25 years of monitoring). The mesocosms consisted of 20 white 
opaque, open-top cylinders with a flat bottom, made of high-den-
sity polyethylene that were 2 m deep and had a diameter between 
92 and 101 cm. The floating mesocosms were attached to a dock 
close to the lakeshore.

On 4 July 2017, the mesocosms were filled with lake water 
and a sediment layer of about 10 cm sediment was collected from 
the profundal area of the lake, and added to each mesocosm. We 
anticipated nutrient resuspension from the added sediment and 
therefore, we exchanged the water 1 week after the sediment ad-
dition. Recruitment of Chironomidae to the mesocosms was possi-
ble via the addition of the sediments or through oviposition from 
the populations occurring naturally in Lake Erken. We established 
a 10-step-nutrient gradient from ambient, mesotrophic lake condi-
tions to hyper-eutrophic conditions (TP: 20–1,000 µg/L, TN: 0.45–
11.3 mg/L) by adding KH2PO4 and NH4NO3 (see Figure 1a,b for 
scheme of the facility), using an N:P ratio of 11.3:1, which is similar 
to the one used in previous studies (e.g. Cole, Pace, Carpenter, 
& Kitchell, 2000; Cottingham, Carpenter, & St Amand, 1998; 
Davidson et al., 2015). Each nutrient-treatment level was main-
tained in replicate mesocosms, with nutrient concentrations mea-
sured weekly and adjusted to maintain target levels. Besides the 
nutrient gradient, we further established a top-down treatment 
by adding two juvenile fish (crucian carp, Carassius carassius) with 
an average total length of 6.8 ± 1.0 cm to 10 mesocosms across 
the entire nutrient gradient to test the effects of increased pre-
dation pressure on Chironomid emergence. Fish individuals were 
matched according to their weight to obtain a similar fish biomass 

in all mesocosms. Crucian carp is an omnivorous fish species with 
a mixed diet of macroinvertebrates (especially Chironomidae) and 
zooplankton (Penttinen & Holopainen, 1992) and we aimed for a 
biomass that is within the range of naturally occurring carp bio-
mass (Holopainen & Pitkänen, 1985).

Emerging adult Chironomidae were sampled using floating cone-
shaped traps similar to the ones described by LeSage and Harrison 
(1979). Emergence traps were placed on a floating ring of Styrofoam 
(diameter: 61 cm), with walls of mosquito net (mesh size: 2 mm) and a 
funnel with a dry collection chamber on top (Figure 1c). To cover the 
typical early-autumn peak of emerging Chironomidae of Lake Erken 
(Sandberg, 1969), emergence traps were mounted on the meso-
cosms on 15 August and emptied with the help of a small exhauster 
twice a week until 19 September. The fish addition occurred on 25 
August and for the purpose of this study, we only considered sam-
ples taken after the fish addition, i.e. the experiment lasted 25 days 
with seven sampling campaigns.

Sampled adult Chironomidae were transported to the laboratory 
at Uppsala University where they were killed by freezing and sorted 
into species and sexes according to their morphological appear-
ance using a stereo microscope. Example specimens of each species 
were stored in ethanol for species identification. Functional feed-
ing groups of the species were assigned according to Armitage et al. 
(1997) and Mandaville (2002). Samples were freeze-dried and stored 
at −80° for fatty acids analyses.

To obtain an estimate of biomass development during the course 
of the experiment (25 days) of the most abundant species across the 
gradient, Chironomidae dry weight (DW) was measured using a mi-
crobalance for up to five individuals of the same species from each 
mesocosm and time point. For less abundant species, averages of in-
dividual biomass were obtained by weighing several individuals from 
the same species, mesocosm and time point.

Polypropylene strips were placed along the inside of each 
mesocosm (7 cm wide, extending from top to bottom) in order to 
monitor periphyton growth on the container wall. Every 2 weeks, 
we removed and scraped the biofilm from the entire strip, and re-
placed the strip in the mesocosm. Collected biofilm was dried in an 
oven at 60°C for 24 h in pre-weighed vials, which were reweighed 
to obtain DW. A subsample of the dried material was taken and 
acidified using 5% HCl to remove inorganic carbon, dried again, 
and then combusted for carbon analyses in an elemental analy-
ser (Costech Analytical Technologies Inc., Valencia, CA, USA). To 
obtain an estimate of the carbon content in the periphyton bio-
mass (g C/m2), we multiplied the obtained values of biofilm DW (g/
m2) growing during the experiment with the carbon content and 
we summed the values of the three biofilm sampling campaigns 
conducted during the emergence experiment. Following each 
sampling, periphyton growing on the walls of the mesocosms was 
scraped off and allowed to sediment. We assumed that periph-
yton removal lead to a translocation of Chironomidae inhabiting 
the walls to the bottom of the mesocosms. These individuals were 
subsequently caught in the emergence traps that mostly covered 
the centre of the mesocosms (Figure 1c).
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The study was approved by the Uppsala Animal Ethic Committee 
with permit number 5.8.18-03672/2017.

2.2 | Fatty acid analysis

Fatty acid analysis was conducted according to previously pub-
lished protocols (Scharnweber, Strandberg, Karlsson, & Eklöv, 
2016; Scharnweber, Strandberg, Marklund, & Eklöv, 2016). Adult 
Chironomid species differed greatly in biomass. Thus, 2–11 individu-
als needed to be pooled to obtain 0.6–5.6 mg DW of each species. 
For lipid extraction, a mixture of chloroform/methanol (2:1, by vol-
ume) was used and 0.88% KCl was added to remove non-lipids. This 
procedure was repeated a second time. Samples were sonicated for 
10 min to enhance extraction. After evaporation under a nitrogen 
stream, lipids were dissolved in hexane and transmethylated at 90°C 
for 90 min, using acidic catalyst (1% H2SO4 in methanol). Analyses of 
fatty acid methyl esters were conducted at Uppsala University using 
an Agilent 7890B Gas Chromatographer (Agilent Technologies) 
equipped with a DB-23 column (length 30 m, ID 0.25 mm, film thick-
ness 0.25 μm, Agilent). A splitless injection was applied, using an ini-
tial oven temperature of 50°C for 1 min, which then was increased 
by 15°C/min to 150°C, 1°C/min to 180°C, 10°C/min to 210°C to a 
final temperature of 210°C that was maintained for 10 min. Helium 

gas was used as a carrier with an average velocity of 36 cm/s. Fatty 
acid methyl ester peaks were identified using retention times and 
mass spectra using the software MSD ChemStation (F01.01.2317; 
Agilent Technologies). Heneicosanoic acid (Nu-Chek Prep, Inc.) was 
used as an internal standard. Using calibration curves of standard 
solutions of known lipid mixtures (Nu-Chek Prep, Inc.), we calculated 
fatty acid content, and data were expressed as percentages relative 
to total fatty acid (fatty acid %) and as content related to insect DW 
(mg g/DW).

2.3 | Data analyses

Happel, Czesny, Rinchard, and Hanson (2017) compared several 
methods of data transformations for proportional data of fatty 
acids. They found no clear advantage of any transformation com-
pared to no transformation. For our dataset of adult Chironomidae 
collected from the mesocosms without fish, the major outcome of 
the analyses remained the same when comparing the untransformed 
data with an arcsin square-root transformed data set. Thus, we de-
cided to use raw values to make the interpretation of results easy 
and straightforward.

To understand the general variation in fatty acid composition, we 
first used multivariate analyses including all fatty acids. Non-metric 

F I G U R E  1   Representation of the 
mesocosm facility. (a) Scheme of the 
experimental set-up. Capital letters refer 
to nutrient concentrations, green colour 
depicts mesocosms without fish addition 
and blue mesocosms where two juvenile 
crucian carp were added; (b) table with 
concentration of total phosphorus (TP) 
and total nitrogen (TN) used for each 
step of the nutrient gradient; (c) photo 
of floating mesocosms with mounted 
emergence traps
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multidimensional scaling was used to display variation of fatty acid com-
position in emerging Chironomidae. Non-parametric PERMANOVA 
with species and TP was used to test the overall effects of taxonomy 
and nutrient concentrations on the variation of Chironomidae fatty 
acid proportions within the whole fatty acid dataset. We used permu-
tation of residuals under a reduced model (9,999 permutations) with 
type III sums of squares (Anderson, Gorley, & Clarke, 2008). Proportion 
of variance explained was calculated from sums of squares. A similarity 
percentages routine (SIMPER) helped us to identify target fatty acids, 
which were fatty acids that contributed most to the observed differ-
ences in Chironomidae between mesocosms at the low- and high-end 
of the concentration gradient.

To compare the variation in the target fatty acids, univariate 
analyses were conducted. We calculated a general linear model 
with proportion target fatty acids as dependent variable and TP, 
species, and sex as fixed factors. We used independent t-tests 
to compare differences in target fatty acid proportions between 
males and females of the different species. Linear regressions 

were used to compute species-specific significance of relationship 
between target fatty acids and TP. We used quadratic regressions 
to assess significance of the relationship between periphyton bio-
mass and TP.

To estimate the export of fatty acids via emerging Chironomidae 
(estimated as mg per 25 days per trap) and to compare these val-
ues between the mesocosms, average content of α-linolenic acid 
(ALA), EPA, total sum of fatty acids and PUFAs in mg g/DW were 
calculated for each of the two major functional feeding groups 
(i.e. predators and collector–gatherers), for each mesocosm, and 
for both sexes. To do so, Chironomidae species were assigned 
to functional feeding groups and average content was multiplied 
with the average biomass of emerging Chironomidae in g DW per 
trap obtained over the 25-day experiment for each species, sex 
and mesocosm. Unidentified species were assigned to averages of 
all species and samples. We used quadratic regressions to assess 
significance of the relationship between the export of fatty acids 
and TP.

Species
Functional feeding 
group

Number of 
males caught

Number of 
females caught

Subfamily Chironomini

Chironomus annularius Collector–gatherer 1 11

Chironomus (Chironomus) 
luridus

Collector–gatherer 134 146

Glyptotendipes palles Collector–gatherer 6 0

Microtendipes pedellus Collector–filterer 36 2

Parachironomus gracilior Collector–gatherer 48 55

Polypedilum (Polypedilum) 
nubeculosum

Shredder 91 183

Subfamily Orthocladiinae

Cricotopus (Isocladius) 
intersectus

Shredder 25 0

Cricotopus (Isocladius) pilitarsis Shredder 3 0

Cricotopus (Isocladius) 
sylvestris

Shredder 26 22

Corynoneura sp. Collector–filterer 1 0

Parakiefferiella smolandica Collector–gatherer 2 0

Subfamily Tanypodinae

Ablabesmyia monilis Predator 292 434

Procladius (Holotanypus) 
choreus

Predator 1 2

Subfamily Tanytarsini

Paratanytarsus dissimilis Collector–filterer 2 0

Paralauterborniella 
nigrohalteralis

Collector–gatherer 1 0

Tanytarsus ejuncidus Collector–gatherer 1 0

Tanytarsus gibbosicceps Collector–gatherer 10 0

Tanytarsus brundini Collector–gatherer 25 15

Not identified 64

Total 1,654

TA B L E  1   Species list of the 
Chironomidae caught and assignment to 
functional feeding groups
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We used multiple regression models to understand the main 
drivers of the export rate of ALA, EPA, total PUFA content (sum 
of all PUFAs, defined as fatty acids with multiple double bonds) 
and total fatty acid content (sum of all 22 fatty acids analysed) 
from mesocosms with and without fish (i.e. eight models in total), 
similar to the approach of Martin-Creuzburg et al. (2017). In the 
models, we included the emerging biomass, the ratio of collector–
gatherer/predators as a measure for community composition, the 
mean fatty content (ALA, EPA, total PUFAs, or total fatty acids, 
respectively), periphyton biomass, TP, and an interaction term 
of all variables as predictors. Prior to analyses, we mean-centred 
the predictors to improve the quality of the statistical tests by 
reducing multicollinearity. Due to the low number of emerging 
Chironomidae from the mesocosms of the fish treatment, we were 
not able to include the ratio of collector–gatherer/predators for 
the analyses of this treatment. We used stepwise backward model 
selection with adjusted R2 to identify the model that explained 
best the relationships between the predictor variables and the ex-
port rate of ALA, EPA, total PUFA, and total fatty acid content for 
the different treatments (fish and no fish).

We used Primer 7.0.6 with the PERMANOVA add-on (Primer E 
Ltd.) for the multivariate analyses and IBM SPSS statistics V24 for all 
univariate analyses.

3  | RESULTS

In total, we caught 1,625 individual adult Chironomidae and deter-
mined 21 species (Table 1). Rare species accounted for 3.9% of indi-
viduals and were not identified. Five species, accounting for 85.9% 
of all individuals, were used in the fatty acid analyses: the predator 

Ablabesmyia monilis, the shredder Polypedilum (Polypedilum) nubecu-
losum, the collector–filterer Microtendipes pedellus, and the two col-
lector–gatherers Chironomus luridus and Parachironomus gracilior. 
Overall, the number of the emerging Chironomidae was six times 
lower in the mesocosms with fish compared with those without fish. 
We therefore focused the fatty acid analyses on samples from the 
treatment without fish only, assuming no difference in fatty acid 
composition between mesocosms with and without fish.

We identified 33 fatty acids, but did not consider 11, as they had 
proportions below 1% (Appendix S1). As depicted in the non-met-
ric multidimensional scaling, the two species of collector–gatherers 
were characterised by high proportions of ALA, whereas the shred-
der P. nubeculosum showed high proportions of 16:0, and A. moni-
lis as a predator had high proportions of EPA (Figure 2). Fatty acid 
composition differed significantly between the species (pseudo-F: 
14.233; p = .0001, 42.8% of the variation explained) and mesocosms 
of different TP concentrations (pseudo-F: 3.8149; p = .0001, 16.1% 
of the variation explained).

Two chironomid species (C. luridus and A. monilis) made up 60.8% 
of all individuals sampled and were collected in sufficient numbers 
across the whole nutrient gradient to allow comparisons. SIMPER 
analyses performed for each of the species separately identified that 
ALA and EPA were the strongest contributors to differences in fatty 
acid composition across the gradient (see Appendix S2 for pairwise 
comparisons between mesocosms of the low- and high-end of the 
gradient). We therefore focused on these two target fatty acids to 
enhance our understanding on the species-specific variation of fatty 
acids across the nutrient gradient.

Total phosphorous significantly explained the variation in ALA 
(GLM: F7, 46 = 7.092; p < .0001) and EPA (GLM: F7, 46 = 5.126; p < .0001). 
In both species, increasing nutrient concentrations were related to 

F I G U R E  2   Two-dimensional 
representation of non-metric 
multidimensional scaling (MDS) of fatty 
acid composition (%) from the emerging 
Chironomidae of the mesocosms with 
stress level 0.05. Vectors from fatty acids 
were identified to have a correlation 
coefficient of R2> 0.9 to the observed 
difference in the composition between 
the Chironomidae species and the vectors 
depict the respective dimension. Symbols 
depict different functional feeding groups: 
predator (triangles), collector–gatherers 
(squares), shredder (diamond), and filter-
feeder (circle). ALA, α-linolenic acid; EPA, 
eicosapentaenoic acid
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increasing ALA proportions, but decreasing EPA proportions, but 
regression was significant for A. monilis only (Figure 3a,b). The GLM 
also highlighted the significantly different proportions of ALA and 
EPA between the species with C. luridus being higher in ALA (GLM: 
F1, 46 = 31.819; p < .0001) and A. monilis being higher in EPA (GLM: 
F1, 46 = 203.707; p < .0001). Furthermore, EPA proportions (GLM:  
F1, 46 = 6.355; p = .016) differed significantly between males and females, 
but this was not significant in ALA proportions. However, when anal-
ysed separately, only the differences between the proportions of EPA 
in males and females in C. luridus were significant (t test: t11 = −4.088, 
p = .002) with males having higher proportions of EPA (Figure 3b).

We found high variation in the biomass of adult Chironomidae 
emerging from the mesocosms (Figure 4a). Overall, the biomass was 
8-fold higher in the mesocosms without fish compared to the meso-
cosms where crucian carp was added. Furthermore, the biomass of 

Chironomidae emerging from the mesocosms responded to the nutri-
ent addition with higher biomasses in higher concentrations. In meso-
cosms with fish, the highest biomass emerged in the mesocosm at a TP 
of 600 µg/L, whereas quadratic regression indicated a distinct peak in 
biomass emergence in the fishless mesocosms at a TP of 400 µg/L. For 
both treatments, a decrease in the emerging biomass was found at the 
highest nutrient concentration (TP of 1000 µg/L; Figure 4a).

Periphyton biomass showed a similar pattern to the Chironomidae 
biomass and was highest in the mesocosm with a TP of 400 µg/L in 
the fishless treatment. In the fishless treatments, we found a signif-
icant quadratic relationship between periphyton carbon and TP, but 
no significant relationships were found in the mesocosms with fish 
(Figure 4b).

The export of fatty acids along the nutrient gradient in meso-
cosms with and without fish generally followed the pattern of the 

F I G U R E  3   Proportions of (a) 
α-linolenic acid (ALA; 18:3n-3) and (b) 
eicosapentaenoic acid (EPA; 20:5n-3) in 
total fatty acids of emerging Chironomus 
luridus (grey symbols) and Ablabesmyia 
monilis (black symbols) across the nutrient 
gradient in the fishless treatments. 
Regression line (including goodness-of-fit; 
R2) depict significant relations of fatty 
acid proportions in A. monilis along the 
gradient. As EPA proportions differed 
significantly between C. luridus sexes, 
males (light grey symbols) and females 
(dark grey symbols) were analysed 
separately, but regressions were not 
significant
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biomass emergence and quadratic regression lines appeared similar. 
The amount of ALA, EPA, total PUFAs, and total fatty acids were 
7.4–8.1-fold higher in the fishless mesocosms compared to the ones 
with fish (Figure 5). A distinct peak in maximum export was found 
for EPA, total fatty acids, and total PUFAs at the TP concentration 
of 400 µg/L in the mesocosms without fish. This pattern was less 
distinct at a TP level between 400 and 600 µg in the fish treatments. 
At the highest nutrient concentrations, the export decreased in 
both treatments (Figure 5b,c,d). For ALA, the highest export rates 
were found at a TP level of 400 µg/L in both treatments (Figure 5a). 
Furthermore, the amount of exported ALA did not decrease in the 
highest nutrient concentration in the absence of fish. Instead, the 
two mesocosms of highest nutrient concentrations had a similar ex-
port rate (Figure 5a).

The variables included in the multiple regression models were able 
to explain 88.3–99.4% of the variation in the export of ALA, EPA, total 
PUFAs and total fatty acids (Table 2). Predictors included in the model 
differed between the eight models, but overall, the biomass of emerg-
ing Chironomidae was the strongest predictor (explaining 87.8–99.4% 
of all variance, Table 3). In the fishless mesocosms, mean ALA concen-
tration further had a significant effect on the export of ALA (t = 3.433, 
p = .019). For the export of the total PUFAs from mesocosms where fish 
were added, two additional predictors were significant in the model: 
the mean PUFA concentration (t = 3.159, p = .034) and the biomass of 
periphyton (t = 2.780, p = .050). For the total fatty acid export from 
the mesocosms with fish, the mean fatty acid concentration (t = 2.818, 
p = .037) was a second significant predictor in the model, besides the 
highly significant effect of the Chironomidae biomass (Table 3).

F I G U R E  4   Relationships of (a) total 
biomass of emerging Chironomidae and 
(b) biomass of periphyton growing on 
the wall of the mesocosms to mesocosm 
phosphorus concentration, with fish (black 
symbols) and without fish (grey symbols). 
Significant quadratic relationships are 
depicted by curves (including goodness-
of-fit; R2). DW, dry mass
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4  | DISCUSSION

Our study suggests that the export of fatty acids from aquatic sys-
tems via adult Chironomidae is highly dependent on fish predation 
pressure, but also on the nutrient concentrations of the system. In 
the mesocosms without crucian carp, the amount of ALA, EPA, total 
fatty acids, and total PUFAs were 7.4–8.1 times higher than in the 
mesocosms where fish were present. Predation is known to create 
strong direct, but also indirect effects on food webs (e.g. Sinclair, 
Mduma, & Brashares, 2003; Terborgh et al., 2001). Fish predation 
can have direct effects on the abundance of emerging insects, in-
cluding Chironomidae (Knight et al., 2005; Pitcher & Soluk, 2018; 
Wesner, 2010). In our mesocosms, the presence of two juvenile cru-
cian carp reduced the number of emerging insects, which directly 
translated into the quantity of fatty acids exported from the aquatic 
system to the terrestrial environment. Thus, when predation pres-
sure is high, fewer fatty acids will be exported from aquatic habitats. 
As a consequence, less EPA will also be transferred to the terrestrial 
environment, which is severely limited in these habitats as terres-
trial vascular plants produce it only in low quantities (Twining et al., 
2016). Recent studies highlight the importance of aquatic-derived 
EPA on the fitness of terrestrial predators. For example, Fritz et 
al. (2017) found that wolf spiders (Tigrosa georgicola) from wetland 
areas had a higher level of long-chained aquatic PUFAs and further 
a better immune response than spiders in upland habitats. Using a 
24-year dataset of tree swallows (Tachycineta bicolor), Twining et al. 
(2018) were able to connect the breeding success in this bird species 
with availability of EPA-rich aquatic insects.

However, PUFAs tend to accumulate in planktivorous fish 
(Strandberg et al., 2015), which are especially rich in docosahexae-
noic acid (22:6n-3), and therefore provide the potential to maintain 
and store PUFAs that could be available for harvesting by humans or 
other piscivores.

We found that periphyton biomass, until a certain threshold value, 
is positively related to the nutrient concentration, which is connected 
to Chironomidae biomass. Those findings are in line with previous 
studies showing that population sizes of Chironomidae larvae are 
positively correlated with the amount of algae produced (de Haas et 
al., 2005; Vos et al., 2004). We therefore conclude that fatty acid ex-
port rates are determined by the biomass of aquatic insects, and that 
the export is influenced by the top-down effect from fish predators. 
However, the hump-shaped relationship with increasing total phos-
phorus suggests that the export is also driven by bottom-up effects. 
Increasing nutrients supported higher periphyton biomass but this 
decreased at high nutrient levels, probably as a result of shading of 
high nutrient conditions favouring phytoplankton growth (Liboriussen 
& Jeppesen, 2006; Vadeboncoeur, Lodge, & Carpenter, 2001).

In our study, the regression between periphyton biomass and 
phosphorus concentration was not significant in the mesocosms 
where fish were added. Furthermore, the trends of the quadratic 
relationships between export rates of EPA, total PUFAs, and total 
fatty acids with TP were not significant in mesocosms with fish. In 

F I G U R E  5   Export via emerging Chironomidae of (a) α-linolenic 
acid (ALA; 18:3n-3); (b) eicosapentaenoic acid (EPA; 20:5n-3); (c) 
total polyunsaturated fatty acids (PUFAs); and (d) total fatty acids 
per mesocosm along the nutrient gradient. Black symbols represent 
mesocosms with added crucian carp, grey symbols represent 
mesocosms without fish. Significant quadratic relationships are 
depicted by curves (including goodness-of-fit; R2)
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the mesocosms where crucian carp were added, the highest periph-
yton biomass was measured at a TP concentration of 200 µg TP/L, 
and was not synchronised to the peak of Chironomidae emergence. 
We assume that the added fish exerted a high predation pressure, 
controlling the Chironomid population. In support of this theory, 
emergence rates decreased almost to zero at the end of the exper-
iment in the fish treatment, whereas in the fishless treatment, they 
remained at higher rates (Appendix S3). Furthermore, the fish could 
have caused indirect effects on periphyton biomass via the fish–in-
vertebrate–periphyton cascade (Brönmark & Weisner, 1992; Jones 
& Sayer, 2003). Predation from crucian carp might have decreased 
the abundance of Chironomidae, which then released periphyton 
from grazing pressure, allowing it to increase in biomass. This could 
potentially explain higher periphyton biomass at the lower end of 
the nutrient gradient, at a TP of 150 µg/L. However, crucian carp 
are opportunistic feeders (Penttinen & Holopainen, 1992) that can 
adapt their feeding strategy when specific prey items are scarce 
(Chaguaceda, Eklöv, & Scharnweber, in preparation). Therefore, the 
indirect effects from crucian carp on periphyton abundance via feed-
ing on Chironomidae grazers might be related to several additional 
parameters, e.g. zooplankton abundance.

Our study highlights the differences in fatty acid composition be-
tween Chironomidae of different species. Generally, the predatory 
species A. monilis was characterised by higher proportions of EPA and 
lower proportions of ALA, whereas the opposite was the case in the 
collector–gatherer C. luridus. Similar to our study, Makhutova et al. 
(2017) found that ALA and EPA made a major contribution to the dif-
ferences in fatty acid variation between five different Chironomidae 
species of a saline lake in Siberia. They further indicated a significant 
difference in fatty acid composition of Chironomidae inhabiting dif-
ferent ecological niches of the lake, while the fatty acid composition 
did not differ significantly between larvae and adults. Larvae of the 
genus Chironomus, which live at greater depths with black silt depos-
its had higher contents of bacterial fatty acid markers (i17:0, ai17:0, 
17:0, 17:1, 18:1n7) compared to Glyptotendipes larvae that were 
characterised with a higher content of ALA, living in sediments of 
the littoral zone with higher content of clay and sand. We show that 
differences in specific fatty acid composition among species may 
also occur among species inhabiting the same spatial area within a 
lake (i.e. the littoral zone) but belonging to different functional feed-
ing groups. Due to the interspecific differences in fatty acid compo-
sition, it is reasonable to assume that the export rate of fatty acids 

TA B L E  2   Analysis of variance for the overall significance of the multiple regression models predicting export of (a) α-linolenic acid (18:3n-
3), (b) eicosapentaenoic acid (20:5n-3), (c) total polyunsaturated fatty acids (PUFAs) and (d) total fatty acids (FAs) from the mesocosms

Treatment Source df SS MS F p Adj. R2

(a) 18:3n-3 Fish Regression 1 137.793 137.793 1,470.651 <.001 0.994

Residual 8 0.750 0.094

Total 9 138.543

No fish Regression 5 3,703.258 740.652 110.213 <.001 0.984

Residual 4 26.881 6.720

Total 9 3,730.138

(b) 20:5n-3 Fish Regression 2 251.036 125.518 34.916 <.001 0.883

Residual 7 25.164 3.595

Total 9 276.201

No fish Regression 3 4,320.221 1,435.753 29.919 .001 0.906

Residual 6 274.966 47.988

Total 9 4,595.187

(c) Total PUFAs Fish Regression 5 1,186.233 237.247 83.469 <.001 0.979

Residual 4 11.369 2.842

Total 9 1,197.602

No fish Regression 3 22,586.696 7,528.899 92.075 <.001 0.968

Residual 6 490.615 81.769

Total 9 23,077.311

(d) Total FAs Fish Regression 4 4,245.699 1,061.425 88.014 <.001 0.975

Residual 5 60.299 12.060

Total 9 4,305.998

No fish Regression 3 81,429.945 27,143.315 107.269 <.001 0.973

Residual 6 1,518.236 253.039

Total 9 82,948.182

Abbreviations: F: F-statistic; df, degrees of freedom; MS, mean square; p: probability value; SS, sum of squares.
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from water to land depends on the Chironomidae community com-
position. However, in our mesocosm Chironomidae total biomass 
was the strongest predictor for the export rates, suppressing the 
more subtle effects resulting from changes in the community com-
position, measured as the ratio of collector–gatherers to predators.

By analysing specific Chironomidae species separately, we could 
further identify variation in the fatty acid composition in adult 
Chironomidae across the nutrient gradient. The proportion of EPA in 
A. monilis, which was the most abundant Chironomidae species (ac-
counting for 43.9% of all individuals caught) was negatively correlated 
with the increase in nutrients along the mesocosm gradient. A similar 
trend, albeit not significant, was visible in the second most abundant 
Chironomidae species C. luridus. Lower proportions of EPA in a higher 
nutrient concentration suggest that hypertrophic aquatic ecosystems 
export lower quality prey for terrestrial predators. However, the in-
crease in the number of emerging individuals overrode the relative 
decrease of PUFAs when calculating the total export of PUFAs from 
water to land and EPA content was a non-significant predictor in the 
multiple regression determining EPA export rates.

In contrast to the low EPA proportion, the ALA proportion in A. 
monilis significantly increased with increasing nutrient concentration 
analysed from the fishless mesocosms. A similar, but not significant 
trend could be seen in C. luridus. Mean ALA content was a significant 
predictor in the multiple regression of ALA export rates in the fishless 
treatments and the high ALA proportion in Chironomidae individuals 
at the end of the nutrient concentration spectrum slightly dampened 
the decreasing slope of export rates at high nutrient concentrations.

We found elevated proportions of ALA in Chironomidae col-
lected from mesocosms of higher nutrient concentrations. These 
findings might be related to physiological responses of periphyton 
to differences in nutrient concentrations. Under low nutrient con-
ditions, excess carbon can accumulate and this might dilute PUFA 
content similar to the pattern observed in stoichiometry (Hessen, 
Elser, Sterner, & Urabe, 2013; Hill, Rinchard, & Czesny, 2011). In phy-
toplankton, low nutrient concentrations lead to the production of 
PUFA-poor triacylglycerols, whereas high nutrient concentrations 
lead to an increase of PUFA-rich galactolipids in the algae (Guschina 
& Harwood, 2009). Although there has been intense research on 

TA B L E  3   Results of regression models including predictor variables predicting export of (a) α-linolenic acid (18:3n-3), (b) eicosapentaenoic 
acid (20:5n-3), (c) total polyunsaturated fatty acids (PUFAs) and (d) total fatty acids (FAs) from the mesocosms

Treatment Variable Coefficient SE t p

(a) 18:3n-3 Fish Chironomidae biomass 0.861 0.022 38.349 <.001

No fish TP −0.014 0.006 −2.447 .071

Chironomidae biomass 0.981 1.107 12.805 <.001

Collector/predator ratio −2.073 1.142 −1.815 .144

Mean ALA content 16.538 4.789 3.453 .026

Periphyton biomass −1.130 1.208 −0.935 .403

(b) 20:5n-3 Fish Chironomidae biomass 1.188 0.143 8.320 <.001

TP −0.002 0.002 −1.148 .289

No fish TP −0.021 0.012 −1.784 .125

Chironomidae biomass 1.170 0.168 6.970 <.001

Collector/predator ratio 3.549 2.711 1.309 .238

(c) Total PUFAs Fish TP −0.003 0.002 −1.413 .230

Chironomidae biomass 2.088 0.196 10.655 <.001

Mean PUFA content 21.228 6.719 3.159 .034

Periphyton biomass 0.905 0.325 2.780 .050

Interaction term 0.337 0.262 1.285 .268

No fish TP −0.030 0.016 −1.884 .109

Chironomidae Biomass 2.553 0.219 11.647 <.001

Collector/predator ratio 5.995 3.538 1.694 .141

(d) Total FAs Fish Chironomidae biomass 4.317 0.294 15.089 <.001

Mean FA content 18.659 6.622 2.818 .037

Periphyton biomass 1.621 0.723 2.242 .075

Interaction term 0.415 0.360 1.151

No fish TP −0.052 0.028 −1.894 .107

Chironomidae biomass 4.822 0.386 12.507 <.001

Collector/predator ratio 10.579 6.224 1.700 .140

Note: Bold font depicts significant results. Values are based on centred values.
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stoichiometry of algae and their potential to respond to different 
nutrient levels, little is known about the cellular responses in periph-
yton. Some studies have reported that added nutrients lead to an 
increase in the proportions of ALA in periphyton (Cashman, Wehr, & 
Truhn, 2013; Guo et al., 2016; Hill et al., 2011), but unfortunately we 
did not analyse periphyton fatty acids in this study.

It is still largely unknown to what extent the fatty acid compo-
sition found in the diet is reflected in the consumers. Consumers 
have recently been found to be capable of the de novo biosynthe-
sis of long-chained PUFAs (Kabeya et al., 2018), but little is known 
about the efficiency of this route and the costs involved. For exam-
ple, Guo et al. (2016) indicated different capacities in this respect 
between a mayfly and a caddisfly species. Also, Guo et al. (2018) 
conducted a field study of stream macroinvertebrates in order to 
investigate the divergence between the fatty acid compositions 
of the consumers in comparison with their basal resource, periph-
yton. They found a strong variance in periphyton quality, but the 
integration of fatty acids, especially EPA into macroinvertebrate 
tissue was dependent on the functional feeding group. This find-
ing suggests that herbivores are able to accumulate EPA, either by 
selective feeding on EPA-rich sources, preferential assimilation, or 
through active control of the internal EPA content via physiological 
pathways (Guo et al., 2018). We are not aware of any investigation 
of how the fatty acid composition of Chironomidae depends on pe-
riphyton food sources.

To our knowledge, nothing is known about the differences in 
fatty acid composition between female and males in Chironomidae. 
We found a significant effect of sex on the proportion of EPA in 
one of the species (C. luridus) only. However, a trend towards higher 
proportions of ALA in females of A. monilis was visible. In mayflies 
(Ephemeroptera sylvicola), a lower content of fatty acids was found 
in females and this was related to the production of eggs (Meier, 
Meyer, & Meyns, 2000). We did not monitor the reproductive status 
of the emerging Chironomidae, and cannot be certain if oviposition 
had occurred prior to sampling. In Chironomidae, the behavior after 
emergence is species-specific with some species showing instant 
mating and oviposition after emergence and other species displaying 
swarming and delayed oviposition (Armitage et al., 1997).

To summarise, our study demonstrates the high variability in ex-
port rates of fatty acids via emerging adult Chironomidae from aquatic 
systems, and shows that this depends on predation pressure, trophic 
status, species composition, and sex differences. This variability also 
includes the export rates of EPA, which has due to its low abundance 
in terrestrial habitats an important role for the fitness of terrestrial 
consumers (Twining et al., 2016), and our study highlights the strong 
dynamics involved in the provision of this highly unsaturated fatty acid. 
This study is one of the first attempts to evaluate the export of fatty 
acids from aquatic ecosystems in responses to several abiotic and bi-
otic factors.
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