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Emergent insects represent a key vector through which aquatic nutrients are

transferred to adjacent terrestrial food webs. Aquatic fluxes of polyunsaturated

fatty acids (PUFA) from emergent insects are particularly important subsidies

for terrestrial ecosystems due to high PUFA contents in several aquatic

insect taxa and their physiological importance for riparian predators. While

recent meta-analyses have shown the general dichotomy in fatty acid profiles

between aquatic and terrestrial ecosystems, differences in fatty acid profiles

between aquatic and terrestrial insects have been insufficiently explored.

We examined the differences in fatty acid profiles between aquatic and

terrestrial insects at a single aquatic-terrestrial interface over an entire growing

season to assess the strength and temporal consistency of the dichotomy

in fatty acid profiles. Non-metric multidimensional scaling clearly separated

aquatic and terrestrial insects based on their fatty acid profiles regardless of

season. Aquatic insects were characterized by high proportions of long-chain

PUFA, such as eicosapentaenoic acid (20:5n-3), arachidonic acid (20:4n-6),

and α-linolenic acid (18:3n-3); whereas terrestrial insects were characterized

by high proportions of linoleic acid (18:2n-6). Our results provide detailed

information on fatty acid profiles of a diversity of aquatic and terrestrial insect

taxa and demonstrate that the fundamental differences in fatty acid content

between aquatic and terrestrial insects persist throughout the growing season.

However, the higher fatty acid dissimilarity between aquatic and terrestrial
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insects in spring and early summer emphasizes the importance of aquatic

emergence as essential subsidies for riparian predators especially during the

breading season.

KEYWORDS

alpha-linolenic acid, aquatic subsidies, arachidonic acid, Diptera, eicosapentaenoic
acid, insect emergence, seasonality

Introduction

Dietary energy and nutrients are continuously exchanged
at the aquatic-terrestrial interface and can support food webs
in adjacent ecosystems (Polis and Hurd, 1996; Nakano and
Murakami, 2001). Terrestrial ecosystems can support aquatic
food webs through the discharge of terrestrial organic matter
from surrounding catchment areas or the deposition of leaf
litter and invertebrates from overhanging vegetation (Tanentzap
et al., 2017). Aquatic-derived nutrients can be transferred to
terrestrial ecosystems via flooding, fish predation, birds, or
organisms with an aquatic larval stage, such as emergent aquatic
insects (Gladyshev et al., 2013; Richardson and Sato, 2015).
During their larval stage, many aquatic insects feed on aquatic
primary producers, while later as adult insects (i.e., imago)
they emerge from aquatic ecosystems into the surrounding
landscape for reproduction. Emerging insects that disperse into
adjacent terrestrial ecosystems can become prey for riparian
predators, thereby transferring aquatic-based nutrients across
ecosystem boundaries (Sanzone et al., 2003). Stable isotope
analyses have repeatedly shown the importance of emergent
insects for riparian predators, such as birds, bats, lizards,
and spiders (Baxter et al., 2005). For example, the abundance
of spiders in the riparian zone is strongly linked with the
emergence of aquatic insects (Kato et al., 2003; Paetzold et al.,
2005; Burdon and Harding, 2008) and some riparian spiders
can obtain the majority of their carbon from aquatic-derived
sources (Sanzone et al., 2003; Kautza et al., 2016). Freshwater
ecosystems typically receive higher subsidies from terrestrial
ecosystems than vice versa, but the contribution of subsidies
to animal carbon in adjacent habitats is similar, suggesting that
aquatic subsidies are of higher quality (Bartels et al., 2012).
Recent studies have documented fundamental differences in
essential biochemical nutrients, i.e., polyunsaturated fatty acids
(PUFA), between aquatic and terrestrial primary producers as
well as consumers at multiple trophic levels (e.g., Hixson et al.,
2015; Twining et al., 2021a).

The fundamental dichotomy between fatty acid (FA) profiles
of aquatic and terrestrial subsidies is driven by the higher
abundance of physiologically important long-chain (≥ C20)
PUFA (LC-PUFA) in aquatic ecosystems (Hixson et al., 2015).
LC-PUFA play a central role in membrane physiology and

serve as precursors for a plethora of other bioactive molecules
(Harayama and Shimizu, 2020). Beneficial effects of dietary
LC-PUFA on performance, growth, and reproduction have
been documented for several aquatic (von Elert, 2002; Martin-
Creuzburg et al., 2010; Brzeziński and von Elert, 2015; Isanta
Navarro et al., 2019) and terrestrial consumers (e.g., Maillet
and Weber, 2006; Brenna and Carlson, 2014; Twining et al.,
2016; Fritz et al., 2017). In order to satisfy their physiological
demands, consumers in both aquatic and terrestrial ecosystems
must either take up LC-PUFA from their diet directly,
or biosynthesize them from dietary C18-PUFA precursors
(Twining et al., 2021a). The dichotomy in FA profiles of aquatic
and terrestrial consumers can be traced back to the ability of
primary producers to synthesize LC-PUFA (Harwood, 1996).
Several algal groups contain high proportions of LC-PUFA, such
as arachidonic acid (ARA; 20:4n6), eicosapentaenoic acid (EPA;
20:5n-3), and docosahexaenoic acid (DHA; 22:6n-3; Taipale
et al., 2013). In contrast, vascular terrestrial plants typically
contain only C18-PUFA, such as linoleic acid (LIN; 18:2n-6)
and α-linolenic acid (ALA; 18:3n-3), and lack the ability to
synthesize LC-PUFA (Uttaro, 2006; Hixson et al., 2015). This
ecosystem-based (i.e., aquatic compared to terrestrial) difference
in primary producers’ FA profiles is transferred to higher trophic
levels and is also observed between the FA profiles of aquatic
and terrestrial insects (Guo et al., 2018; Kowarik et al., 2021;
Mathieu-Resuge et al., 2021b; Twining et al., 2021b).

A global meta-analysis comparing multiple trophic levels
from aquatic and terrestrial ecosystems demonstrated a
statistically significant, but moderate difference between the FA
profile of aquatic and terrestrial insects, with differences mainly
linked to LC-PUFA content (e.g., EPA; Hixson et al., 2015).
Although several insect families were represented in this global
dataset, the insect sample size was rather limited (n < 70),
which may explain the large variation observed in insect FA
profiles. Insects from both ecosystems have also been compared
in regard to their quality as prey for insectivorous riparian
predators such as birds, spiders, and bats (Lam et al., 2013;
Kowarik et al., 2021; Twining et al., 2021b). Aquatic insects
have been found to be rich in EPA, while terrestrial insects were
found to be higher in ALA (e.g., Hymenoptera and Lepidoptera;
Twining et al., 2021c). However, several of these previous studies
were limited to the breeding seasons of riparian birds reliant
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on insects (Twining et al., 2021b,c; Shipley et al., 2022) and
thus did not capture additional temporal variation in insect
diversity and FA composition. For example, biomass export
and community composition of lake emergent insects are both
highly variable throughout the year (i.e., temporal variation) and
depend on lake morphometry (i.e., spatial variation; Martin-
Creuzburg et al., 2017; Mathieu-Resuge et al., 2021a). The
relative abundance of terrestrial insects in the riparian zone of
rivers also exhibits spatial and seasonal variation (Nsor et al.,
2020). Considering the variability in insect communities and
their importance as high-quality food for riparian predators,
a more extensive comparison of FA profiles of aquatic and
terrestrial insects is warranted.

We examined FA profiles of aquatic and terrestrial
insects collected using emergence traps deployed on a mid-
size, mesotrophic lake from five different water depths and
Malaise/window hybrid traps deployed at three distances away
from the shoreline of the lake. Unlike previous studies, we
sampled aquatic and terrestrial insects within and around a
single lake throughout an entire growing season (April to
October). We explored (1) differences in FA profiles between
aquatic and terrestrial insects, (2) the main FA that drive the
potential separation between aquatic and terrestrial insects, and
(3) temporal changes in the strength of this FA separation during
the growing season. We provide a thorough dataset of aquatic
and terrestrial insect FA profiles (FA content per unit biomass),
as well as visualize the similarities and/or differences between
taxa with respect to 30 quantifiable FA. We predicted that
terrestrial insects contain higher contents of C18-PUFA (i.e.,
ALA and LIN), whereas aquatic insects contain higher contents
of ≥ C20-PUFA (i.e., EPA and DHA).

Materials and methods

Study site and sampling

Aquatic and terrestrial insects were, respectively, collected
on and around Lake Mindelsee, southwestern Germany
(47.754◦N, 9.022◦E; Supplementary Figure 1). The mid-size
lake (1.02 km2) is mesotrophic (total phosphorus: 16.2 µg L−1,
total nitrogen: 1,114 µg L−1) with a maximum depth of ∼13
m. The littoral zone is mostly surrounded by reeds, except for
the southern portion, which is bordered by an old forest stand
dominated by beech and conifers.

Aquatic insects were sampled using floating emergence traps
(Figure 1A) that were placed on the water surface in two
transects at water depths of 1 (n = 6), 3 (n =6), 7 (n = 2),
9 (n = 2), and 12 (n = 3) m. Aquatic traps were constructed
using four floatable plastic tubes (covering an area of 0.36 m2),
smaller plastic pipes covered in extra fine mosquito net (mesh
size ∼ 500 µm) forming a pyramid, and a plastic beaker on top
with a narrowing opening. The emergence traps were emptied

twice a week from April to October 2019 and the insects on the
inside of the netting were collected using a self-made vacuum-
powered aspirator.

Terrestrial insects were collected using Malaise/window
hybrid traps (Figure 1B). These traps consisted of four extra
fine mosquito net (mesh size ∼ 500 µm) “windows” oriented
in a cross (equaling a catch area of 1.72 m2) attached to two net-
covered pyramids, one leading to a plastic beaker with funnel
(to reduce the chances of insects leaving the trap) on top of the
catch area and another at the bottom. The design of the trap was
intended to catch flying insects that would either fly upwards or
drop down when encountering one of the “window” obstacles.
The traps were deployed with the catch area one meter above the
ground in clear areas without high or hanging vegetation within
1 meter of the trap. The traps were deployed in two transects at
distances of 1 m (n = 2), 100 m (n = 2), and 1,000 m (n = 2)
from the shore of Lake Mindelsee. Due to logistic constraints,
the traps were sampled once a month with the traps deployed for
3 days during non-raining periods between April and October
2019. All insects in the beakers as well as any in the catch area
were collected using a vacuum-powered aspirator.

All aquatic and terrestrial insects were collected and
transported to the laboratory live, where they were snap-frozen
(−20◦C), identified using a stereomicroscope, and then stored
at −80◦C until being freeze-dried, weighed (Mettler Toledo
XP2U, ± 0.1 µg), and stored again at −80◦C until FA analysis.
Insects were classified to order (more specific if possible) and to
be of aquatic, semi-aquatic (i.e., emerging from a constantly wet
shoreline area), or terrestrial origin. Traps were non-selective
and therefore, non-insect arthropod taxa within the traps were
also collected and analyzed (Supplementary Table 1).

Fatty acid analysis

Freeze-dried insects were deposited in 5 mL of
dichloromethane:methanol (2:1, v:v) and stored overnight
at −20◦C. Samples were then homogenized using a glass rod,
sonicated, and the total lipids were extracted three times with
dichloromethane:methanol (2:1, v:v). Pooled lipid extracts
were evaporated to dryness under a stream of N2 at 40◦C
and transesterified with methanolic HCl (3 mole L−1, 60◦C,
20 min, Sigma-Aldrich 33050-U). Fatty acid methyl esters
(FAME) were extracted three times with isohexane (2 mL).
Pooled FAME-containing fractions were evaporated to dryness
under N2 at 40◦C and resuspended in isohexane; the final
volume was between 10 and 100 µL, depending on insect
biomass, and subsequently stored at −20◦C. FAME were
analyzed by gas chromatography (GC) using a 7890B gas
chromatograph (Agilent Technologies) equipped with a flame
ionization detector (FID) and a DB-225 (J&W Scientific, 30
m × 0.25 mm inner diameter (id) × 0.25 µm film) capillary
column. The following temperature gradient was applied: 60◦C
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FIGURE 1

(A) Emergence traps floating on Lake Mindelsee deployed in two transects at the water surface with water depths of 1, 3, 7, 9, and 12 m and (B)
Malaise/window hybrid traps deployed in two transects at 1, 100, and 1,000 m from the shoreline.

for 1 min, then increase to 150◦C (at a rate of 30◦C min−1),
continued increase to 170◦C (3◦C min−1) and final increase
to 220◦C (2◦C min−1) that was held for 10 min. FAME were
quantified by comparison to an internal FAME standards
(C17:0 and C23:0) of known concentrations (adapted to insect
biomass in the sample), using multipoint calibration curves
generated using FAME standards (Sigma-Aldrich). FAME
were identified by their retention times and their mass spectra,
which were recorded with a quadrupole gas chromatograph-
mass spectrometer (GC–MS; Agilent Technologies, 5975C
inert MSD) equipped with a DB-225MS fused-silica capillary
column (J&W Scientific, 30 m × 0.25 mm id × 0.25 µm film);
gas chromatographic settings as for FID. Mass spectra were
recorded between 50 and 600 m/z in the electron ionization
(EI) mode. Both 18:1n-9 and 18:1n-12 coelute and cannot be
quantified separately so therefore will be referred to as “18:1” in
text. The limit of quantitation was < 10 ng of FA. All biomass
and FA contents were reported per dry weight (DW), unless
otherwise specified.

Statistical analysis

All analyses were conducted in R 4.1.2 (R Core Team).
Individual FA were grouped in saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), and PUFA. Insect dry
weight and all FA group comparisons between insects of aquatic,
semi-aquatic, and terrestrial origin did not meet assumptions
for normal data distribution (Shapiro-Wilk test). Therefore,

Kruskal-Wallis (KW) Chi-squared tests (kruskal.test) were used.
If KW tests revealed significant differences among insect
groups, Dunn’s test for multiple comparisons of groups was
conducted to check for differences between the three insect
origins (Dinno and Dinno, 2017). Mass fraction values were
converted to percentages prior to ordination. Percentage data
were arcsine-square-root-transformed for normal distribution
approximation and to achieve equal variances. Non-metric
multidimensional scaling (NMDS; package vegan) was used
to ordinate terrestrial and aquatic insects using rank-order
dissimilarities (i.e., Bray-Curtis distances). Convergent solutions
were not possible in two dimensions; therefore, data was
ordinated in three dimensions but presented in two dimensions
using the first two axis. Hierarchical clustering was conducted
on average FA mass fractions of insect orders with more than
three replicates (hclust; R package stats).

Analysis of similarity (ANOSIM, R package vegan; Oksanen
et al., 2013) with 100,000 permutations was used to determine
differences between the overall FA profile due to the difference
in insect origins. The test statistic, R, is an indicator of similarity
where groups can be classified as well separated (R > 0.75),
separated but some overlapping (0.5 < R ≤ 0.75), separated
but strongly overlapping (0.25 < R ≤ 0.5), and not separated
(R < 0.25; Clarke et al., 2014). Similarity percentages (SIMPER;
package vegan) with 1,000 permutations were used to quantify
the contribution of individual FA to the overall Bray-Curtis
dissimilarity between aquatic and terrestrial insects. The FA
profile of semi-aquatic insects overlapped with that of both
aquatic and terrestrial insects and therefore removed from the
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SIMPER analysis. Regression tree analysis was conducted using
all aquatic and terrestrial insect orders and the 19 FA that were
significant in SIMPER analysis and all PUFA of interest (i.e.,
ALA, LIN, ARA, EPA, and DHA). Explanatory variables were
FA percentages of insect taxa. Each split (non-terminal nodes)
was labeled with the FA percentage that determined the split,
while the leaves (terminal nodes) were labeled with insect order
(De’Ath and Fabricius, 2000).

NMDS and similarity percentages breakdown was
conducted on aquatic and terrestrial insects sampled in
each month (from April to October). Sufficient replicates of
semi-aquatic insects were not possible for each month so
semi-aquatic insects were removed from the analysis. The
within-group monthly separation of aquatic and terrestrial
insect FA profile was tested using ANOSIM. PERMANOVA
pairwise comparisons (PPC; package vegan) of within-group
FA profile differences in aquatic and terrestrial insects revealed
little differences in adjacent months (Supplementary Table 3).
Therefore, months were grouped into seasons: spring (April,
May), summer (June, July, August), and autumn (September
and October). SIMPER with 1,000 permutations were used to
quantify the contribution of individual FA to the within-group
Bray-Curtis dissimilarity between aquatic and terrestrial insects
collected in spring, summer, and autumn. The physiologically
highly relevant EPA contributed most to the dissimilarity.
Therefore, the within-group proportion of EPA was compared
between spring, summer, and autumn in aquatic and terrestrial
insects, separately using KW Chi-squared tests. Following a
significant KW test, Pairwise Wilcoxon Rank Sum comparisons
(stats package) were used to test for differences among
the three seasons.

Generalized linear models (glm function) were used to assess
differences in ALA, LIN, ARA, EPA, and DHA content among
the insect and a few other arthropod orders using the “Gaussian”
distribution. Specifically, we used insect taxa as a predictor of
the response variables: (1) ALA, (2) LIN, (3) ARA, (4) EPA,
and (5) DHA. All models were based on a comparison to
Psychodidae, semi-aquatic insects that served as a reference for
both aquatic and terrestrial insects. All values are reported as
means ± standard deviation.

Results

Fatty acid profile of aquatic and
terrestrial insects

On average, terrestrial insects (3.5 ± 7.7 mg) weighed
significantly more than aquatic (1.6 ± 4.4 mg) insects,
which weighed significantly more than semi-aquatic insects
(0.2 ± 0.2 mg; KW, χ2 = 52.1, p < 0.0001). Aquatic insects
contained significantly more FA in total (64.4 ± 80.9 µg
mg−1) than terrestrial (51.3 ± 48.7 µg mg−1) and semi-aquatic

insects (43.8 ± 21.7 µg mg−1; KW, χ2 = 29.9, p < 0.0001).
Both aquatic (18.5 ± 27.4 µg mg−1) and semi-aquatic insects
(15.2 ± 9.9 µg mg−1) contained significantly more SFA than
terrestrial insects (13.4 ± 14.7 µg mg−1; KW, χ2 = 54.2,
p < 0.0001). No significant differences were observed in MUFA
content between aquatic (19.4 ± 31.0 µg mg−1), semi-aquatic
(15.0 ± 7.6 µg mg−1), and terrestrial insects (21.1 ± 33.6 µg
mg−1; KW, χ2 = 3.0, p > 0.05). Insects of aquatic origins had a
significantly higher total PUFA content (26.4 ± 29.6 µg mg−1)
than semi-aquatic (13.5 ± 6.9 µg mg−1) and terrestrial insects
(16.8 ± 11.8 µg mg−1; KW, χ2 = 172.4, p < 0.0001). Insects
of aquatic origin also had significantly higher EPA + DHA
contents (10.2 ± 13.8 µg mg−1) than semi-aquatic insects
(2.4 ± 1.8 µg mg−1), which in turn had higher EPA + DHA
contents than terrestrial insects (1.1 ± 1.5 µg mg−1; KW,
χ2 = 514.7, p < 0.0001).

Terrestrial insects (9.8 ± 9.9 µg mg−1) contained more
LIN than aquatic (7.1 ± 10.1 µg mg−1) and semi-aquatic
insects (5.9 ± 4.7 µg mg−1; KW, χ2 = 37.8, p < 0.0001).
In contrast, aquatic insects (4.7 ± 6.5 µg mg−1) contained
significantly more ALA than terrestrial (4.1 ± 6.4 µg mg−1)
and semi-aquatic insects (2.9 ± 2.5 µg mg−1; KW, χ2 = 56.9,
p< 0.0001). The EPA content was significantly higher in aquatic
(9.5 ± 11.3 µg mg−1) than in semi-aquatic (2.4 ± 1.8 µg mg−1)
and terrestrial insects (1.1 ± 1.5 µg mg−1; KW, χ2 = 514.7,
p < 0.0001). Aquatic insects (1.9 ± 3.5 µg mg−1) also
had significantly higher ARA content than both semi-aquatic
(1.1 ± 1.0 µg mg−1) and terrestrial insects (0.7 ± 0.9 µg
mg−1; KW, χ2 = 190.8, p < 0.0001). The DHA content was
also significantly higher in aquatic insects (0.8 ± 3.0 µg mg−1)
than terrestrial insects (0.03 ± 0.3 µg mg−1; KW, χ2 = 89.1,
p < 0.0001).

Multivariate comparisons of similarity revealed a significant
and clear difference with some overlapping in FA profiles
between aquatic, semi-aquatic, and terrestrial insects
(three-group comparison, ANOSIM: R = 0.51, p < 0.0001;
Figure 2A) as well as between aquatic and terrestrial insects
(two-group comparison ANOSIM: R = 0.54, p < 0.0001).
Hierarchal cluster analysis, using Bray-Curtis dissimilarity
of mean FA mass fractions, produced three distinct clusters
(Figure 2B). One cluster contains only terrestrial insect
taxa: Coleoptera, Hymenoptera, Dermaptera, Mecoptera,
Neuroptera, Psocoptera, Hemiptera, and Orthoptera. Another
cluster contains only aquatic taxa: Chaoborus (order: Diptera),
Megaloptera, Chironomidae (order: Diptera), Trichoptera,
Ephemeroptera, Simuliidae (order: Diptera), and Plecoptera.
A final mixed cluster contains the semi-aquatic Psychodidae,
but also aquatic Diptera (Culicidae), and terrestrial insect taxa
(i.e., Lepidoptera, Thysanoptera, and Diptera; Figure 2B).
The main FA (i.e., FA that contributed > 5% to dissimilarity
and revealed significant p-values) that collectively accounted
for 70% of the dissimilarity between aquatic and terrestrial
insects were (in descending order) EPA, 18:1, LIN, ALA,
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FIGURE 2

(A) Non-metric multidimensional scaling (NMDS) of arcsine-square-root-transformed fatty acid fractions (% of total fatty acids) of aquatic,
semi-aquatic, and terrestrial insects. Vectors represent fatty acids that had a significant regression value (p < 0.001) and a vector length of 0.33
or greater. Ellipses represent 75% confidence intervals. (B) Hierarchal cluster analysis of mean fatty acid content (mg mg−1 DW). Fatty
abbreviations: linoleic acid (LIN; 18:2n-6), arachidonic acid (ARA; 20:4n-6), eicosapentaenoic acid (EPA; 20:5n-3), and docosahexaenoic acid
(DHA; 22:6n-3).

18:1n-7, 16:1n-7, 18:4n-3 (stearidonic acid; SDA), ARA,
and 14:0 (Table 1). Aquatic insects had higher abundance
of EPA, 18:1n-7, SDA, ARA, and 14:0, whereas terrestrial
insects had significantly higher abundance of 18:1 and LIN
(Table 1). Although DHA was not a significant driver in the
global dissimilarity in this dataset, DHA (≥ 1.8%) separated
Chaoborus (order: Diptera) from all other terrestrial and
aquatic taxa (Figure 3). The majority of aquatic insect
taxa (i.e., Chironomidae, Trichoptera, and Ephemeroptera)
were separated from terrestrial insect taxa by EPA ≥ 11.1%
(Figure 3). Two additional clusters are formed with aquatic,
semi-aquatic, and terrestrial insect taxa separated by ARA.
Aquatic Hymenoptera, semi-aquatic Psychodidae, and
terrestrial Lepidoptera, Hemiptera, and Coleoptera were
categorized with ARA < 0.25%. Aquatic Trichoptera and
Chironomidae, semi-aquatic Psychodidae, and terrestrial
Diptera, Hymenoptera, and Coleoptera were classified with
ARA > 0.25% (Figure 3).

Seasonality of the aquatic/terrestrial
insect fatty acid profile dissimilarity

Multivariate comparisons of similarity for each sampling
month revealed a significant difference in FA profiles between
aquatic and terrestrial insects (ANOSIM, p < 0.0001;
Figures 4A–G). However, the similarity (i.e., ANOSIM)
differed throughout the year (Figure 4H). April, May, and July
had similar ANOSIM values compared to the ANOSIM value
of the entire dataset (Figure 4H). June and August had higher
ANOSIM value suggesting a greater dissimilarity between

aquatic and terrestrial insect FA profiles, whereas September
and October had lower ANOSIM values, suggesting greater
similarity between aquatic and terrestrial insect FA profiles
(Figure 4H). In all months, EPA was a significant driver of the
FA dichotomy between aquatic and terrestrial taxa, with the
highest contribution to the dissimilarity (SIMPER, p < 0.001;
Supplementary Table 2).

FA profiles of aquatic (ANOSIM: R = 0.121, p < 0.001;
Supplementary Figure 2A) and terrestrial insects (ANOSIM:
R = 0.047, p < 0.001; Supplementary Figure 2B) were
significantly separated based on the season, albeit less
pronounced than the separation between aquatic and
terrestrial insect FA. Season had a statistically significant
effect on the FA profile of aquatic insects (PPC, p < 0.01).
The FA profiles of terrestrial insects were not significantly
different between summer and autumn but were significantly
different between spring and summer (PPC, p < 0.01) and
between spring and autumn (PPC, p < 0.05). EPA was the
significant main driver of within-group differences between
the comparison of spring/autumn and summer/autumn
aquatic insects (SIMPER; Supplementary Table 4). LIN, ARA,
and DHA were significant drivers of differences between
spring and summer aquatic insects (SIMPER; Supplementary
Table 4). EPA proportion significantly differed in aquatic
insects between seasons (KW, χ2 = 35.2, p = 0.0001), i.e.,
the proportion of EPA was significantly higher in spring and
summer than in autumn, whereas the proportion of EPA
did not differ between spring and summer (Supplementary
Figure 2C). No significant seasonal differences were observed
in terrestrial insects EPA proportions (KW, χ2 = 4.95, p > 0.05;
Supplementary Figure 2C).
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TABLE 1 Similarity percentages (SIMPER) analysis of fatty acid profiles
(%) of aquatic and terrestrial insects.

Av.
Abu

(terrestrial)

Av.
Abu

(aquatic)

Contrib
%

P-value Cum.
Contrib %

20:5n-3
(EPA)

0.12 0.40 13.06 0.001 0.131

18:1n-9/n-
12

0.54 0.37 9.82 0.001 0.229

18:2n-6
(LIN)

0.45 0.33 8.14 0.001 0.310

18:3n-3
(ALA)

0.25 0.27 7.81 0.001 0.388

18:1n-7 0.09 0.21 7.62 0.001 0.465

16:1n-7 0.21 0.27 7.27 0.001 0.537

18:4n-3 0.02 0.16 6.42 0.001 0.601

20:4n-6
(ARA)

0.09 0.17 5.56 0.001 0.657

14:0 0.06 0.15 5.33 0.001 0.710

16:0 0.41 0.41 4.27 0.001 0.753

18:0 0.26 0.25 3.41 0.001 0.787

18:3n-6 0.02 0.08 3.39 0.001 0.821

15:0 0.00 0.06 2.56 0.001 0.847

20:0 0.04 0.05 2.54 0.001 0.872

17:1 0.02 0.06 2.47 0.001 0.897

22:6n-3
(DHA)

0.00 0.05 2.14 0.159 0.918

20:1n-7 0.02 0.04 2.07 0.312 0.939

22:2n-6 0.02 0.00 1.09 0.001 0.950

20:4n-3 0.01 0.01 0.84 0.400 0.958

20:3n-3 0.02 0.00 0.79 0.001 0.966

20:3n-6 0.01 0.01 0.55 0.164 0.972

22:0 0.01 0.00 0.55 0.050* 0.977

14:1 0.01 0.01 0.55 0.072* 0.983

21:0 0.01 0.00 0.51 0.013 0.988

22:5n-3 0.00 0.01 0.46 0.749 0.992

20:1n-9 0.00 0.01 0.40 0.558 0.996

20:2n-6 0.00 0.00 0.26 0.021 0.999

24:0 0.00 0.00 0.12 0.059* 1.000

Fatty acids are organized in descending order of their contribution to the dissimilarity
between the groups (Contrib%). The average abundance (Av. Abu) is shown for each fatty
acid in terrestrial and aquatic insects as well as the contribution to the dissimilarity of the
Bray-Curtis distances and the cumulative sum of the dissimilarity (Cum. Contrib%). P-
values are calculated from 1,000 permutations. Bold p-values represent fatty acids that
were statistically significant; a “*” mark indicates marginally significant p-values. Fatty
abbreviations (in order of appearance): eicosapentaenoic acid (EPA; 20:5n-3), linoleic
acid (LIN; 18:2n-6), α-linolenic acid (ALA; 18:3n-3), arachidonic acid (ARA; 20:4n-6),
and docosahexaenoic acid (DHA; 22:6n-3).

Fatty acid profiles of different insect
taxa

Multivariate comparisons of similarity also revealed
a significant difference in FA profiles between insect taxa
(ANOSIM: R = 0.48, p < 0.0001). Dermaptera, Simuliidae

(order: Diptera), Hymenoptera, Lepidoptera, Thysanoptera
had significantly higher ALA content; Dermaptera Hemiptera
and Trichoptera had marginally significant higher ALA
content when compared to the semi-aquatic reference (i.e.,
Psychodidae; Figure 5A and Supplementary Table 5).
Dermaptera, Hymenoptera, Orthoptera had significantly higher
LIN content; Hemiptera and Neuroptera had marginally
significant higher LIN content when compared to Psychodidae
(Figure 5C and Supplementary Table 6). Chaoborus (Diptera)
and Ephemeroptera had significantly higher EPA content;
Chironomidae (order: Diptera) and Trichoptera had marginally
significant higher EPA content than Psychodidae (Figure 5B
and Supplementary Table 7). Chaoborus (order: Diptera)
and Collembola had significantly higher ARA content than
Psychodidae (Figure 5D and Supplementary Table 8).
DHA was significantly higher in Chaoborus (order: Diptera;
Supplementary Table 9) than in all other taxa, where only
traces of DHA were detected if at all (Supplementary Figure 3).
A complete table of all orders and their respective fatty acid
profiles is available in Supplementary Table 1.

Discussion

Our data show a clear dichotomy between the FA profiles
of aquatic and terrestrial insects with the separation being
mainly driven by higher proportions of C20-PUFA (i.e., EPA
and ARA) in aquatic insects and higher proportions of C18-
PUFA (i.e., LIN) in terrestrial insects, which is in line with
our predictions. Aquatic insect taxa separated from terrestrial
insect taxa by higher proportions of mainly EPA and ARA, while
Chaoborus separated from all insect taxa due to the presence
of DHA. Although the separation in aquatic and terrestrial
insects was evident, the strength of this separation changed
over the growing season. The dissimilarity between aquatic
and terrestrial insect FA profiles was greater in spring and
summer than in autumn, highlighting the importance of aquatic
insects as a source of LC-PUFA when most riparian predators
have their young.

Differences in FA profiles between emerging aquatic and
terrestrial insects have been demonstrated previously (e.g.,
Hixson et al., 2015). Here, we explored this dichotomy in more
detail, considering multiple aquatic and terrestrial insect orders
as well as seasonal changes in the strength of FA separation
between aquatic and terrestrial insects in a lake ecosystem.
Emergent aquatic insects had higher mean PUFA content,
specifically ALA, EPA, ARA, and DHA, than terrestrial insects,
which is in line with previous studies on both river (Twining
et al., 2019; Kowarik et al., 2021) and lake ecosystems (Mathieu-
Resuge et al., 2021b; Twining et al., 2021b). Twining et al. (2019)
found higher ALA proportions in terrestrial Hymenoptera and
Lepidoptera, but higher EPA proportions in aquatic insect
taxa near streams in the Eastern United States during the
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FIGURE 3

Regression tree analysis constructed with individual fatty acids (% of total FA) that were significant in the similarity percentages (SIMPER)
analysis. All insect orders were considered, however, only those separated by the selected FA are shown. The condition set at each node is true
for the divide going downwards and the opposite condition is true for the divide going upwards. Fatty abbreviations: linoleic acid (LIN; 18:2n-6),
α-linolenic acid (ALA; 18:3n-3), arachidonic acid (ARA; 20:4n-6), eicosapentaenoic acid (EPA; 20:5n-3), and docosahexaenoic acid (DHA;
22:6n-3).

bird breeding season in May and June. In contrast, Twining
et al. (2021b) found higher ALA, as well as EPA, ARA, and
DHA contents in aquatic insects, but no difference in LIN
content between aquatic and terrestrial insects in April and
May around Lake Mindelsee in southern Germany (same lake
as in current study) during the Blue Tit (Cyanistes caeruleus)
breeding season. In the current study, considering the entire
growing season, we found that terrestrial insects contain, on
average, more LIN than aquatic insects. This significant LIN
comparison may be a product of the additional sampling from
June to October, including Orthoptera as well as a higher
proportion of Dermaptera and Neuroptera to the analysis, all
of which having significantly higher LIN content. Although
Mathieu-Resuge et al. (2021b) found no differences in the total
PUFA content between aquatic and terrestrial insects around
Lake Lunz (Austria), similar to the current study, ALA and
EPA were higher in aquatic insects while LIN was higher in
terrestrial insects.

Although comparisons of mean individual PUFA content
and ratios between aquatic and terrestrial insects provide insight
into the dichotomy between aquatic and terrestrial insect, they
do not quantify the dissimilarity between aquatic and terrestrial
insect FA. To our knowledge, only Hixson et al. (2015)
attempted to quantify the dissimilarity between aquatic and

terrestrial insect FA profiles so far. In their global meta-analysis,
the FA profiles of aquatic and terrestrial insects were different
but overlapped strongly (ANOSIM R = 0.34; see Hixson
et al., 2015). In our dataset, aquatic and terrestrial insect FA
profiles were clearly separated with only some overlapping
(ANOSIM R = 0.54). The higher dissimilarity observed in the
current study may be due to sampling in a single system with
replicates for each insect taxa and thus reduced variability
associated with comparing insect FA profiles collected from
various climate zones. Sampling in one ecosystem also revealed
temporal differences in the dissimilarity between aquatic and
terrestrial insect FA profiles, potentially impacting riparian
predators that can feed on both aquatic and terrestrial prey.
Consumers must either take up LC-PUFA from their prey or
biosynthesize them from dietary C18-PUFA precursors in order
to satisfy their physiological demands (Twining et al., 2021b).
The high dissimilarity between aquatic and terrestrial insect FA
profiles observed in spring and summer (e.g., May to August)
emphasizes the importance of aquatic insects in providing
LC-PUFA to riparian predators during the breeding season.
Twining et al. (2021b) showed that spiders collected in April
and May along the shore of Lake Mindelsee (∼10 m from shore)
had higher EPA content than spiders collected 500 and 1,000 m
away from the shore. Mixing models revealed that emergent
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FIGURE 4

Non-metric multidimensional scaling (NMDS) of
arcsine-square-root-transformed fatty acid fractions (% of total
fatty acids) of aquatic and terrestrial insects of April (A), May (B),
June (C), July (D), August (E), September (F), and October (G).
Asterisk represent significant ANOSIM (Analysis of Similarities)
comparisons; “***” represent p < 0.0001. (H) ANOSIM value
representing the similarity between aquatic and terrestrial
insects (i.e., higher value means greater separation between
groups) for each sampling month. Dashed line represents the
ANOSIM value for the entire dataset. Fatty abbreviations: linoleic
acid (LIN; 18:2n-6), α-linolenic acid (ALA; 18:3n-3), arachidonic
acid (ARA; 20:4n-6), eicosapentaenoic acid (EPA; 20:5n-3), and
docosahexaenoic acid (DHA; 22:6n-3).

aquatic insects comprised 74% of riparian spider diet, whereas
spiders at 500 and 1,000 m distance from Lake Mindelsee hardly
consumed any aquatic insects (Twining et al., 2021b). Along
a river ecosystem, the diet of web-building spiders has been
demonstrated to contain higher proportions of aquatic-derived
material in spring and summer than in autumn, based on
analysis of similarity and mixing models (Kowarik et al., 2021).
The temporal variability in the dissimilarity between aquatic
and terrestrial insects FA profiles may be linked with the strong
temporal variation in their respective biomass and community
composition (Martin-Creuzburg et al., 2017; Nsor et al., 2020;

Mathieu-Resuge et al., 2021a). Lower biodiversity of both
aquatic and terrestrial insects in autumn may increase the
similarity between FA profiles. The reliance of riparian
predators on aquatic-derived LC-PUFA may depend on their
capability to biosynthesize LC-PUFA (Twining et al., 2021b).
However, bird chicks raised on a high LC-PUFA diet had higher
growth rates and improved overall body condition (Twining
et al., 2016, 2019), highlighting the importance of emergent
aquatic insects early in the season for providing PUFA to
riparian predators.

As expected, based on the higher EPA content of aquatic
insects, EPA contributed most to the dissimilarity between
aquatic and terrestrial insects and was the major driver for
aquatic insect grouping. In addition to EPA, aquatic insects
were characterized by higher abundances of 18:1n-7, SDA, ARA,
and 14:0, while terrestrial insects were mainly characterized
by higher abundances of 18:1 and LIN. LIN can be found
in high proportions in many terrestrial plants (Hixson et al.,
2015) and therefore, the high LIN content observed in terrestrial
insects is most likely related to feeding on terrestrial plant
material. In consumers, LIN plays a crucial role in maintaining
vital membrane properties and as precursor for ARA and thus
eicosanoids (Stanley and Kim, 2019). A high body LIN content
may be linked with the high proportion of LIN in the insect
fat body, where LIN is stored as an important energy source,
especially during reproduction (Thomas, 1974; Sayah et al.,
1997). Why the LIN content tends to be higher in terrestrial than
aquatic insects remains unclear. The higher PUFA (i.e., ALA,
EPA, and ARA) content of emergent aquatic insects appears to
be related to feeding on PUFA-containing algae during the larval
stage. An ecosystem-based difference in insect PUFA content is
likely transferred from this difference in PUFA availability at the
basal food web. FA profiles of insect larvae closely mirror the
SDA (Kowarik et al., 2021) and EPA (Guo et al., 2018) content of
periphyton, suggesting that these PUFA are selectively retained
in aquatic consumers.

Grouping insect taxa based on mean FA profiles produced
three distinct hierarchical clusters. The two clusters containing
only aquatic or terrestrial taxa, respectively, reflect the general
dissimilarity between aquatic and terrestrial insects in FA
profiles. A third cluster, containing Lepidoptera, Thysanoptera,
Culicidae (order: Diptera), terrestrial Diptera, and Psychodidae,
separates the insect taxa causing the FA profile similarities
between the two ecosystems, i.e., the observed overlap of aquatic
and terrestrial FA profiles. Insect larvae that emerge from wet
soil along the lake shore (i.e., Psychodidae and Culicidae) may
still have consumed LC-PUFA containing algae (Sushchik et al.,
2013). However, the separation of Psychodidae in our cluster
analysis reflects the dissimilarity in FA availability between
wet soil and lake algal communities. PUFA that contribute to
the overall dissimilarity between aquatic and terrestrial insects
can also be used to separate insect orders. DHA, for instance,
separates Chaoborus (order: Diptera) from all other insect
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FIGURE 5

Contents (µg mg−1 DW) of selected PUFA of aquatic, semi-aquatic, and terrestrial arthropod orders: (A) α-linolenic acid (ALA; 18:3n-3), (B)
eicosapentaenoic acid (EPA; 20:5n-3), (C) linoleic acid (LIN; 18:2n-6), (D) arachidonic acid (ARA; 20:4n-6). The box represents the first quartile
to the third quartile with a line representing the median value, and the whiskers represent the minimum and maximum value. Only taxonomic
groups with a minimum of 3 samples for boxplot statistics were presented.

taxa. DHA has been reported already to occur in Chaoborus
larvae (Goedkoop et al., 2000; Lau et al., 2014) as well as
in emergent adults (Martin-Creuzburg et al., 2017; Twining
et al., 2021b). Chaoborus larvae are predatory and may prey on
DHA-rich zooplankton, such as copepods (Persson and Vrede,
2006; Smyntek et al., 2008). The capability of Chaoborus larvae
to biosynthesize LC-PUFA is currently unknown. However,
other aquatic Diptera (i.e., Chironomus) have been shown to
elongate and desaturate dietary C18-PUFA precursors to EPA
and ARA in the absence of dietary C20-PUFA (Strandberg et al.,
2021), indicating that at least some aquatic insects have the
capability to biosynthesize LC-PUFA to meet their physiological
needs. Collembola also contained moderate amounts of C20-
PUFA (i.e., EPA and ARA). As an exception among terrestrial
invertebrates, Collembola contain and synthesize C20-PUFA
(Chamberlain and Black, 2005; Chamberlain et al., 2005). For
example, Collembola collected from a woodland had ARA
values between 1.2 and 8.6% and EPA values between 0.9 and
12.7% of total FA, depending on the species (Chamberlain and
Black, 2005). Collembola from the current study had ARA and
EPA contents of 4.6 ± 2.9 and 7.9 ± 4.7%, respectively. Our
study provides detailed FA profiles for multiple insect taxa as

well as a few other non-insect arthropod taxa collected with our
traps (see Supplementary Table 1).

The between-group and within-group dissimilarity of
aquatic and terrestrial insects changing throughout the growing
season clearly suggests that riparian predators have varying
access to aquatic-derived LC-PUFA throughout the year.
The overall dichotomy between aquatic and terrestrial insect
FA profiles exists despite seasonal changes in taxonomic
diversity within aquatic and terrestrial insect communities.
Seasonal differences in FA profiles within aquatic insects
can be explained by higher EPA proportions in spring
and summer insects. Higher emergence of EPA-rich taxa
such as Ephemeroptera, Chaoborus, Trichoptera during
spring and summer (Martin-Creuzburg et al., 2017) explains
the within-group variation in aquatic insect FA profiles.
Emergent insect biomass and biodiversity is also typically
higher in spring and summer (Martin-Creuzburg et al.,
2017). Combined with evidence of greater dissimilarity
of FA profile between aquatic and terrestrial insects in
spring and summer, this highlights the importance of early
aquatic insect emergence for riparian predators when they
have their young.
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In addition, climate change is predicted to create a
phenological mismatch where riparian predators have
their young later than the peak aquatic insect emergence,
reducing the availability of aquatic LC-PUFA for riparian
predators and their young (Shipley et al., 2022). The
potential consequences of this phenological mismatch on
riparian predators would heavily depend on their internal
bioconversion capability. For example, Tree Swallows
(Tachycineta bicolor) chicks can modestly convert C18-
PUFA precursors (i.e., ALA) to C20-PUFA (i.e., EPA and
DHA; Twining et al., 2018a). However, a reduction of
aquatic insect prey would also reduce dietary ALA, besides
C20-PUFA (i.e., ARA, EPA, and DHA). Direct impacts of
lower dietary PUFA intake may include reduced growth,
immune function, performance, and reproductive output
(Twining et al., 2016, 2018b; Fritz et al., 2017), while
additional performance costs may arise from the energetic
cost of biosynthesizing LC-PUFA from dietary precursors.
On the contrary, Blue Tit chicks seem to readily convert
dietary ALA into DHA, even in riparian habitats with high
availability of aquatic insects (Twining et al., 2021c). Our
field study highlights the importance of emergent aquatic
insects as critical cross-ecosystem conveyors of LC-PUFA
to terrestrial riparian predators. Future studies aiming to
quantify the LC-PUFA biosynthesis capability of riparian
predators may help to understand how changes in aquatic
insect availability may affect the transfer of aquatic nutrients to
terrestrial food webs.
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