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Abstract. Polyunsaturated fatty acids (PUFAs) are abundant in stream-dwelling aquatic insects and
might be essential for their growth and survival. We conducted a controlled study designed to clarify fatty
acid (FA) assimilation and metabolism by net-spinning caddisfly larvae (Hydropsyche sp.). Specifically, our
goal was to determine if these insects could synthesize essential FAs (18:2v6, 18:3v3, 20:4v6, and 20:5v3)
de novo or elongate them from precursors, or if they must acquire them from their diet. In laboratory
experiments, we supplied controlled diets (commercial fish food, oat particles, Cladophora glomerata, and
conditioned leaves) to larvae in individual microcosms that simulated stream conditions. Caddisfly FA
profiles consistently matched those of the diets provided, and in general, these insects had very limited
abilities to synthesize and elongate essential FAs. Concentrations of linoleic (18:2v6) and linolenic (18:3v3)
acid declined significantly in caddisflies fed diets depleted in these FAs. To test the ability to elongate FAs,
caddisflies were fed a diet depleted in arachidonic acid (20:4v6), but rich in its precursor 18:2v6. Tissue
concentrations of 20:4v6 declined, suggesting that the ability of caddis larvae to elongate 18:2v6 to 20:4v6
is limited or absent. Caddisflies accumulated 20:5v3 at greater assimilation efficiencies than for any other
FA, suggesting a key importance of this FA. Across all experiments, caddisflies gained mass, total FA
content, or both when supplied with all food sources except leaf litter. We suggest that caddisflies in
streams must obtain essential FAs either from algal material or from predation.

Key words: aquatic insect, caddisfly, Cladophora glomerata, controlled diet, fatty acids, Hydropsyche,
laboratory experiments, macroinvertebrate, streams.

Essential fatty acids (e.g., polyunsaturated fatty
acids [PUFAs]) are important biological compounds
in aquatic food webs, and their presence in inverte-
brate diets is strongly correlated with the efficiency
with which primary production is converted to
consumer biomass in aquatic ecosystems (Brett and
Muller-Navarra 1997, Muller-Navarra et al. 2000).
Animals must obtain these fatty acids (FAs; mainly
18:2v6, 18:3v3, 20:4v6 and 20:5v3) from their diet to
avoid pathological conditions, such as failure to
complete metamorphosis (Stanley-Samuelson and
Dadd 1984). Most terrestrial insects have a limited
ability to elongate and desaturate 18:2v6 and 18:3v3
FAs to 20:4v6 and 20:5v3, respectively (Stanley-
Samuelson 1993). Only 15 of 32 insect species studied
(in 4 of 13 orders) can produce linoleic acid (18:2v6)
de novo (Stanley-Samuelson 1994). Thus far, only 1

aquatic insect (the mayfly Ephemerella walderi) has
been studied. Ephemerella walderi is incapable of
18:2v6 synthesis, although its ability to elongate FAs
was not tested (Cripps et al. 1986). Synthesis of 18:3v3
de novo has not been observed in any insect (Stanley-
Samuelson 1994). Information on the FA content and
metabolism of aquatic insects in stream ecosystems is
scarce. This scarcity is surprising because many fish
require long-chain PUFAs for their development and
must obtain them from their invertebrate prey
(Ahlgren et al. 1999). Long-chain PUFAs, and in
particular 20:5v3, are ubiquitous and abundant
(.15% total FAs) in the tissues of aquatic insects in
a variety of streams (Sushchik et al. 2003, Torres-Ruiz
et al. 2007). The fact that other aquatic organisms also
have high 20:5v3 content and other long-chain v3
PUFAs (Napolitano 1999) suggests a possible require-
ment for these FAs to maintain life in an aquatic
environment (Hanson et al. 1985).

Few studies have examined the metabolism of
lipids in aquatic insects. Dadd et al. (1986) demon-
strated that Culex pipiens mosquito larvae are incapa-
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ble of elongating C18 polyunsaturates into C20
analogs and concluded that this species requires a
dietary supply of 20:4v6 or 20:5v3 (for flight after
emergence). An apparent ability to elongate C18 FAs
was observed in laboratory experiments with the
case-building caddisfly Clistoronia magnifica when fed
diets of terrestrial origin lacking C20 PUFAs (Hanson
et al. 1983). The evidence for this claim was that levels
of 20:4v6 and 20:5v3 in their tissues increased when
insects were supplied with alder leaves (deficient in
these FAs) or wheat (which had only C18 FA
precursors) as food. The FA metabolism of noninsect
aquatic invertebrates is better understood. In general,
most species of freshwater zooplankton cannot
synthesize or elongate C18- and C20-PUFAs and
must obtain them from their diet (Arts 1999).

From an ecosystem perspective, strong evidence
indicates that the nonavailability of certain PUFAs can
limit secondary production in freshwater ecosystems
(Goulden et al. 1999). Muller-Navarra et al. (2000,
2004) clearly demonstrated that 20:5v3 in food was
the best predictor for Daphnia growth and egg
production in lakes. However, the function of lipids
in stream invertebrates is not well known. Some
investigators have observed increased growth rates of
aquatic insects fed diets supplemented with animal
matter (Fuller and Fry 1991) or algae (Fuller and
Mackay 1981), and in some cases, this increase was
attributed to a better lipid quality in food (Anderson
1976). When the shredding caddisfly (Clistoronia
magnifica) was experimentally provided with various
controlled diets (including alder leaves with and
without hyphomycete fungi), only diets supplement-
ed with wheat (a source of 18:2v6 and 18:3v3 fatty
acids) were sufficient for the animals to grow and
reproduce (Hanson et al. 1983, Cargill et al. 1985).

Larval net-spinning caddisflies (superfamily Hy-
dropsychoidea) are a major component of macroin-
vertebrate communities in many low- to mid-order
streams, and they play an important role in energy
and nutrient cycling (Allan 1995). This guild can
constitute the majority of lotic suspension feeders and
occurs at considerable densities (up to 22.6 3 103/m2;
Brown et al. 2005). Both univoltine and multivoltine
life histories are common among species of hydro-
psychids, which spend all of their larval life in a
stream (Alexander and Smock 2005). The duration of
the larval stage in Hydropsyche species depends on
habitat conditions, including temperature. In temper-
ate streams, larvae persist for ,1 y, with 5 molts and 2
to 3 wk of pupation that ends with emergence in
spring. Larvae construct silk nets to capture drifting
particles and are categorized as collectors of fine
particulate organic matter within the functional

feeding group concept (Merritt and Cummins 1996).
Most are regarded as omnivores based on gut content
analyses (Allan 1995), but typically, larvae change
feeding strategies (algal grazing or predation) to
accommodate differences in food abundances (Fuller
and Mackay 1980, Townsend and Hildrew 1980).

Torres-Ruiz et al. (2007) demonstrated that aquatic
primary producers in streams had better PUFA
quality than did terrestrial detritus and that macro-
invertebrates, including hydropsychid caddisflies,
more closely matched the FA profiles of primary
producers (high PUFA content) than of terrestrial
detritus. These animals might need to consume algal
material to acquire sufficient FA content. An alterna-
tive explanation for greater levels of PUFAs in
caddisflies is that these animals have the ability to
synthesize PUFAs de novo by desaturation and
elongation. The design of our study was to provide
animals with food sources with negligible amounts of
PUFAs but sufficient and similar amounts of other
nutritional building blocks (e.g., carbohydrates and
proteins) to test for synthesis capabilities. This task
was delicate because administered foods must be of a
specific size and limited water solubility to prevent
carbohydrate and protein leaching and to retain their
particulate form. Commercially prepared laboratory
mammal foods can be defined, but dissolve in water,
whereas many commercial foods for rearing fish are
stable in water, but have high PUFA content. Here we
describe a series of experiments with food sources
that differed substantially in specific PUFA content
and were stable in water long enough to be eaten by
drift-feeding animals. Our main objective was to
clarify the FA metabolic capabilities of a common
net-spinning caddisfly, animals that could be vehicles
for the transfer of FAs from primary producers to
higher trophic levels. So far, no study in a lotic insect
has yet investigated which FAs are: 1) synthesized de
novo or 2) transformed (shortened or elongated) from
dietary precursors. Our primary emphasis was on
essential v3 and v6 FAs.

Methods

Experimental setup

In 2005, we did experiments with larvae of a
common species of net-spinning caddisflies (Hydro-
psyche sp.) freshly collected from the Muscoot River,
New York (see Torres-Ruiz et al. 2007 for site details).
We ran the experiments with a modified version of
the rearing method described by Philipson (1953).
Each experiment consisted of ten 1-L beakers with
,800 mL of filtered stream water (Whatman GF/F
filters; ,0.7-mm pore size) placed in an incubator with
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light and temperature regimes adjusted to that of the
stream on days of collection (specified below). We
provided each beaker with rock surfaces for caddis-
flies to build retreats and feeding nets by attaching 10
sterilized pebbles (,1 cm diameter) to the interior of
each beaker. An aerator maintained dissolved O2 at
,8.3 mg/L (at 15uC), and we measured pH to ensure
maintenance between 7.5 and 8.0. We placed each
microcosm on a magnetic stirrer to create a current of
,20 cm/s to simulate stream conditions (Tachet et al.
1992). We collected caddisflies from the Muscoot
River on the day the experiments were begun,
separated them, and placed them in clean stream
water in the incubator for 24 h to clear their guts. We
froze (220uC) a subset of these caddisflies and kept
them under N2 for later FA extraction (see FA analyses
below; = initial levels [0d]). We placed 2 or 3
caddisflies in each beaker on day 1. After 48 h of
conditioning, we left 1 animal that had built a feeding
net to continue in the experiment and removed the
remainder to avoid interference or cannibalism. After
allowing time for caddisflies to clear their guts (24 h in
clean stream water, no food), we froze the animals
that were removed for later FA extraction and used
these values as a 2nd set of initial levels (0d) of FAs in
caddisflies (untreated). Light in the incubator (Sylva-
nia cool-white fluorescent, ,50 mmol photon m22 s21)
was indirect, and we observed no growth of algae in
the beakers during the experiments.

Food sources

Aquadine experiment.—Starting on 1 September, we
maintained water temperature at 15uC with a light
regime of 10 h light:14 h dark for 15 d. We fed
caddisflies every 48 h with 0.02 g (,33 fresh mass of 1
animal) of the commercial fish food AquadineTM

DuraFlakesH (Healdsburg, California) ground and
sieved to 250 to 500 mm (mean net mesh size = 267 mm).

Oats and Cladophora experiment.—Starting on 11
October, we maintained water temperature at 15uC
with a light regime of 10 h light:14 h dark. We fed
caddisflies every 48 h with 0.02 g uncooked oatmeal
(Avena sativa; ground and sieved to 250–500 mm) for
15 d, after which we pooled all caddisflies and
separated them randomly into 2 groups. We froze ½
of these (5 caddisflies, guts cleared as above) and
stored them under N2 for later extraction. We placed
the other ½ in clean experimental beakers for another
15 d with a diet change. The 2nd diet consisted of the
green alga, Cladophora glomerata, which we collected
every 5 d from the Muscoot River. We cleaned and
sorted Cladophora to remove epiphytes (§95% pure,
viewed microscopically). We supplied ,0.03 g fresh

mass (FM) of Cladophora filaments (1–3 mm) to the
caddisflies every 48 h.

Cladophora vs conditioned leaves experiment.—Start-
ing on 15 November, we maintained water temper-
ature at 13uC with a light regime of 10 h light:14 h
dark for 20 d. After field collection, we placed
caddisflies in 10 experimental beakers. We randomly
chose 5 beakers to receive (every 48 h) 0.02 g of a
representative senescent leaf mixture (maple + oak +
sycamore; previously conditioned 30 d in the Muscoot
River), ground to ,500 mm. We provided the other 5
beakers with 0.025 g FM of chopped Cladophora
filaments (1–5 mm), collected fresh every 5 d.

FA analyses

At the end of each experiment, we weighed (FM)
caddisflies with cleared guts (as above), homogenized
them, and extracted lipids with a modified version of
the methods presented in Parrish (1999) (see Torres-
Ruiz et al. 2007 for details). Briefly, we extracted lipids
in chloroform and methanol (2:1
v/v), methylated them with BF3 (10–15% w/v in
methanol), resuspended them in hexane, and concen-
trated them under N2. We separated FA methyl esters
(FAMEs) and measured their relative percentages with
a Hewlett-Packard 5890 gas chromatograph (Hewlett-
Packard, Avondale, Pennsylvania) fitted with a Su-
pelco Omegawax 320 capillary column (30 m 3

0.32 mm; Sigma-Aldrich, St. Louis, Missouri). We
identified individual FAs by comparing their retention
times with certified standard mixtures (SupelcoTM 37
Component FAME mix and Menhaden Oil: PUFA-3).
We used a few single FAME standards to resolve the
identities of specific FAs. We processed reagent blanks
and analyzed them in an identical manner as samples.

Data analyses

We calculated individual FA concentrations in food
and caddisflies (per unit dry mass [DM]) with a
calibration regression from known standard masses
vs areas obtained in the chromatograms. Calibration
curves were linear and highly significant, but slopes
differed slightly depending on chain length, number
of double bonds, and concentration range (observed
previously by Ahlgren et al. 1992). Therefore, we
chose a mean slope to calculate absolute concentra-
tions of total FAs. The range of concentrations for
these caddisflies agree with those of Sushchik et al.
(2003) in which 19:0 was used as an internal standard.
We dried separate caddisfly replicates to constant
mass to calculate fresh-to-dry mass conversion fac-
tors. Percent data represent % of each FA with respect
to total FA content. The ratio of total v-3 FAs to total
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v-6 FAs (Sv3/Sv6) was used as a marker of the
relative amount of aquatic matter, with values .1.0
regarded as mainly of aquatic origin and ,1.0 as
mainly of terrestrial origin (Pollero et al. 1981,
Desvilettes et al. 1994).

We used known quantities of food given to each
caddisfly and its FA content to calculate mean
assimilation efficiencies for essential and total FAs
as the mean absolute mass gain/animal (for a
particular FA) divided by the mean total amount of
this FA supplied in the food (3 100 to give a % for
each FA; assuming no de novo synthesis capabilities).
We use the term assimilation efficiency to include a
composite of filtering, consumption, assimilation, and
production efficiencies (i.e., trophic transfer efficien-

cy) because the measurements did not allow calcula-
tion of these compartments individually (Begon et al.
1996). Therefore, reported assimilation values are
approximations.

We contrasted FA values between initial and exper-
imentally fed (15 to 20 d) caddisflies, based on
percentages of 4 essential FAs, the Sv3/Sv6 ratio, and
concentrations of total FAs (mg/g DM). We used
analyses of variance (ANOVAs) with a = 0.05 to
determine whether percentages of 4 essential FAs, the
Sv3/Sv6 ratio, and concentrations of total FAs differed
among treatments or times (SYSTAT version 11; Systat
Software, Chicago, Illinois). We made post hoc compar-
isons with Tukey’s honestly significant difference
(HSD). We tested data for normality and homogeneity
of variance and transformed them where required. We
arcsine(x)-transformed percentages, and !(x)-trans-
formed concentrations (Sokal and Rohlf 1995). All
reported values represent untransformed means.

Results

Aquadine experiment

After 15 d of a diet consisting only of the fish food
AquadineTM, caddisflies nearly doubled in total FA
content (Fig. 1A) and total mass (Table 1) from field
levels. This increase in total and specific FAs closely
reflected the FA profile of their food. Caddisflies
gained proportionally more 18:2v6 (Fig. 1B), which
was most abundant in the food, and declined in
proportion in those FAs that were less abundant
(20:4v6, 18:3v3, 20:5v3) (Fig. 1C, D, E). Therefore,
Sv3/Sv6 decreased significantly in the caddisflies to
,½ its initial value (3.5 to 1.8; Fig. 1F). A PUFA that
was not initially detected in the caddisflies, 22:6v3,
increased to 0.5% after feeding on Aquadine (data not
shown).

Four percent of the Aquadine food supplied was
estimated to have been assimilated by the caddisflies
(Table 1). Each specific FA had distinct patterns of
mass gain and assimilation. Omega-6 fatty acids in
caddisflies changed to reflect the percentages provid-
ed in the food (Fig. 1B, D). The 18:2v6 content per
animal increased ,33, and 20:4v6 content roughly
doubled (,1.8 mg/animal), but the percentage of FA
assimilated was similar for both v6 FAs (,2.5%)
(Table 1). This increase was in contrast to the
percentage of v3 FAs assimilated. For example,
18:3v3 content/animal increased on average by 14%,
with a resulting assimilation efficiency of 1.98
(Table 1). The 20:5v3 content of Aquadine was ,23

greater than its 18:3v3 content, but 20:5v3 increased
by 87% in the caddisflies (Table 1). As a result, the
estimated assimilation efficiency for this FA was 33

FIG. 1. Mean (61 SE) total fatty acid (FA) content (A), %

composition of the polyunsaturated fatty acids (PUFAs)
18:2v6 (B), 18:3v3 (C), 20:4v6 (D), and 20:5v3 (E), and the
ratio of total v-3 to total v-6 FAs (Sv3/Sv6) in Hydropsyche
sp. from the Muscoot River at the start of the experiment
(0d) and after being fed AquadineTM for 15 d (15d). Bars
with the same letter are not significantly different (p §

0.05). DM = dry mass.
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greater than that of 18:3v3 and was greater than that
of v6 FAs and total FAs (Table 1).

Oats and Cladophora experiment

Caddisflies fed oat particles for 15 d also experi-
enced a change in their FA profiles, which came to
resemble that of the food provided (Fig. 2A–F).
Caddisflies on average gained mass by ,28% over
their initial values, and by 46% in total FA content per
unit mass, even though total FA content of oats was
relatively low (Table 2, Fig. 2A). The increase in total
FA in caddisflies was associated mainly with an
accumulation of 18:2v6 and 18:1v9 (data not shown),
which were abundant in oats (18:2v6 increased 53;
Fig. 2B, Table 2). When the food was later switched to
the green alga Cladophora, caddisflies continued to
gain in total FAs (23% increase per unit mass), but
there was no further gain in mass (Table 3).

Three PUFAs that were low/absent in oats (18:3v3,
20:4v6, 20:5v3) decreased significantly in caddisfly
tissues, both in % and concentration (Fig. 2C, D, E,
Table 2). The most significant decline occurred in
20:5v3, which decreased by ½ after 15 d (Table 2). The
general decrease in all v3 FAs and increase in 18:2v6
resulted in a significant decrease in the Sv3/Sv6 ratio
(80%; Fig. 2F). The assimilation efficiency of caddis-
flies supplied with oats was similar for total FAs
(3.3%) and 18:2v6 (2.65%; Table 2). The switch to
Cladophora was apparent in the FA profile of caddis-
flies. In addition, assimilation efficiency for total FAs
was greater when larvae were fed Cladophora (7.5%,
Table 3) than when larvae were fed oats (3.3%,
Table 2). The FA profile of this alga differed from

that of oats and contained more v3 (mainly 18:3v3)
than v6 FAs (Fig. 2B–E). The decrease in 18:2v6 and
the increase in 18:3v3 in alga-fed caddisflies were
each significant (Fig. 2B, C, Table 3). The assimilation
efficiency for 18:3v3 was among the highest measured
(,11%, Table 3) and was sufficient to restore initial
(in-stream) percentages (Fig. 2C). Following Clado-
phora addition, concentrations of 18:3v3 also doubled,
both per unit mass and per animal (Table 3).
Assimilation of 20:5v3 was 23 that of 18:3v3, and
permitted the caddisflies to recuperate a content
similar to in-stream quantities (17.1 mg/animal;
Table 2). Unlike most other PUFAs, average 20:4v6
content of caddisflies remained fairly constant at
,2.7 mg/animal, despite changing foods (Tables 2, 3).
Sv3/Sv6 increased significantly in algae-fed caddis-
flies but did not reach initial levels within 15 d
(Fig. 2F).

Cladophora vs conditioned leaves experiment

When supplied with Cladophora, caddisflies experi-
enced an 18% gain in mass but declined by ,8.6% in
total FA content (Fig. 3A, Table 4). 18:3v3 content of
larvae increased by 50%/animal and 27%/mg DM
(Table 4). Percentages of 20:5v3 remained similar over
time in larvae provided Cladophora (Fig. 3E), but
concentrations of all other PUFAs declined (Table 4).
Rates of loss differed among v6FAs. Quantities of
18:2v6 declined by 31% and 20:4v6 declined by 20%

(Fig. 3B, D). These trends occurred even though levels
of 18:2v6 in food were high (Table 4). The combina-
tion of these trends resulted in a significant increase in
Sv3/Sv6 (Fig. 3F). In spite of the loss of certain FAs,

TABLE 1. Mean mass of caddisfly larvae (Hydropsyche sp.), their fatty acid (FA) concentrations, and assimilation efficiencies for
total FA and major polyunsaturated fatty acids (PUFAs; 18:2v6, 18:3v3, 20:4v6, 20:5v3) at the start of the experiment (0d) and
after being fed AquadineTM for 15 d (15d). Larval dry mass (DM) was calculated from empirically determined fresh–dry
conversion factors. Aquadine = total mass of food provided to each animal, food assimilated = % food provided transferred to
gain in mass of FA in animal (see Methods for details).

Mass and FA 0d (n = 10) 15d (n = 8) Aquadine (n = 5) Food assimilated (%)

DM/animal (mg) 1.49 2.25 133
Total FA/animal (mg) 58.7 169.5 2.750a 4.0
% total FA 3.93 7.55 2.07
18:2v6/animal (mg) 4.1 14.7 0.465a 2.3
18:2v6/g DM (mg) 2.78 6.56 3.49
20:4v6/animal (mg) 1.0 1.8 0.030a 2.7
20:4v6/g DM (mg) 0.67 0.82 0.23
18:3v3/animal (mg) 7.7 8.8 0.059a 1.9
18:3v3/g DM (mg) 5.12 3.93 0.44
20:5v3/animal (mg) 10.1 18.9 0.146a 6.0
20:5v3/g DM (mg) 6.76 8.41 1.10

a
= total mg amounts in food provided/animal.
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caddisflies gained mass when provided with Clado-
phora as food in this experiment (estimated assimila-
tion efficiency < 2.3%; Table 4).

In contrast, caddisflies fed conditioned terrestrial
leaves declined in both mass (24.6%) and especially
in total FAs (261%) over time (Table 5, Fig. 3A). The
FA profile of caddisflies did not reach that of food
within the 20-d period, but did exhibit declines in
several FAs. The Sv3/Sv6 ratio increased slightly
over time, even though leaves had a much lower ratio
than did the caddisflies at the start of the experiment
(Fig. 3F). This shift was a consequence of the greater
decline in v-6 FAs (,56%) than in v-3 FAs (,49%)
(Table 5). Percentages of 18:3v3, 20:4v6, and 20:5v3
increased in the caddisflies with conditioned leaves as
a food source (Fig. 3C, D, E).

Discussion

Our results demonstrate that FAs in hydropsychid
caddisfly larvae (Hydropsyche sp.) reared under labo-
ratory conditions mostly reflected what they ate. In
addition, following a dietary switch, caddisflies
matched the FA content of what they ate in a short
period of time (,5% of their life span). We also tried to
determine whether caddisflies are capable of synthe-
sizing or elongating 18:3v3 or 18:2v6 into essential FAs
20:5v3 and 20:4v6. These long-chain PUFAs are
important because they are the most common eicosa-
noid precursors (Stanley-Samuelson 1994). Our results
provide experimental evidence that caddisflies from
the Muscoot River have no or limited abilities to
synthesize and elongate these essential FAs.

Caddisflies accumulated proportionately more FAs
than mass during the experimental periods with each
of the food sources provided, but caddisflies fed
Aquadine (high PUFA content) had the greatest gains
(mass: +51%, FAs: +184%; Table 1). Oats and Aqua-
dine were supplied in similar quantities (Tables 1, 2),
but caddisflies gained 20% more mass and 23 more
FAs when fed Aquadine than when fed oats. We did
not determine the protein and carbohydrate compo-
sition of Aquadine, and these components could have
contributed to the better caddisfly growth on this food
source, but Aquadine also had significantly greater
20:4v6 and 20:5v3 content than did oats (Tables 1, 2).
In particular, eicosapentaenoic acid (EPA = 20:5v3)
limits secondary production in planktonic inverte-
brates in lakes (Muller-Navarra et al. 2000, 2004). In
our study, caddisflies provided with Cladophora after
feeding on oats for 15 d gained additional quantities
of FAs (by 22%), but did not gain mass. This
discrepancy might have been caused by limitation
by food quantity (e.g., carbohydrates) because the
amount of food provided was less (DM basis) during
the Cladophora portion of the experiment (Table 3).

Linoleic acid (18:2v6) can be an important FA for
insects as a pheromone precursor or as part of
phospholipids and cuticular lipids (Stanley-Samuel-
son and Nelson 1993). De novo synthesis of linoleic
acid (18:2v6) has been confirmed in a small number of
terrestrial insects, but most species studied thus far
apparently are unable to produce this FA (Blomquist
et al. 1991). Our data suggest that de novo synthesis of
18:2v6 by caddisflies in the Muscoot is limited or
absent. Caddisflies accumulated this FA only when it
was present in high quantities in the food provided
(oats) and became significantly depleted when quan-
tities in food were low (Cladophora). In addition to its
individual importance, 18:2v6 is the potential precur-
sor of arachidonic acid (20:4v6), which is essential for

FIG. 2. Mean (61 SE) total fatty acid (FA) content (A), %

composition of the polyunsaturated fatty acids (PUFAs)
18:2v6 (B), 18:3v3 (C), 20:4v6 (D), and 20:5v3 (E), and the
ratio of total v-3 to total v-6 FAs (Sv3/Sv6) in Hydropsyche
sp. from the Muscoot River at the start of the experiment
(0d) and after being fed oats for 15 d (15dO) and Cladophora
(Clad) for the next 15 d (15dC). Bars with the same letter are
not significantly different (p § 0.05). ND = not detectible,
DM = dry mass.
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emergence and reproduction in other aquatic insects
(Dadd et al. 1986). Most terrestrial insects can elongate
18:2v6 to 20:4v6 via D5 and D6 desaturases (Stanley-
Samuelson 1994), but mosquitoes and several aquatic
invertebrates cannot (Dadd et al. 1986, Arts et al.
2001). Our results suggest that the ability of hydro-
psychid caddisflies to elongate 18:2v6 to 20:4v6 is
limited or absent, at least in the population from the
Muscoot River. Concentrations of 20:4v6 in larval
tissues declined rapidly when levels of this FA in food
were low, despite high 18:2v6 content (Table 2).
However, quantities of 20:4v6 did increase when
adequate amounts were provided in the food
(Table 1). If caddisflies cannot synthesize 18:2v6 or
20:4v6, they must acquire both from their diet, either
from a primary producer or from predation.

a-linolenic acid (18:3v3) is important as a specific
part of membrane phospholipids and as a pheromone
precursor (Stanley-Samuelson and Nelson 1993). It
also limits growth in freshwater zooplankton (Von
Elert 2002). De novo synthesis of a-linolenic acid
(18:3v3) has not been observed thus far in any insect
(Stanley-Samuelson 1994), and we were not surprised
to observe a net decrease in 18:3v3 content in
caddisflies fed Aquadine or oats, which were low in
18:3v3 (Tables 1, 2). It seems likely that caddisfly
larvae also are incapable of synthesizing this FA. In
addition to its individual importance, 18:3v3 is the
potential precursor of EPA (20:5v3), which is critical
for growth and survival of most aquatic invertebrates
(Arts 1999, Muller-Navarra et al. 2004). In stream
invertebrates, the greater importance of 20:5v3 vs

TABLE 2. Mean mass of caddisfly larvae (Hydropsyche sp.), their fatty acid (FA) concentrations, and assimilation efficiencies for
total FA and major polyunsaturated fatty acids (PUFAs; 18:2v6, 18:3v3, 20:4v6, 20:5v3) at the start of the experiment (0d) and
after being fed oats for 15 d (15dO) in the oat and Cladophora experiment. Larval dry mass (DM) was calculated from empirically
determined fresh–dry conversion factors. Oats = total mass of food provided to each animal, food assimilated = % food provided
transferred to gain in mass of FA in animal (see Methods for details) (negative values indicate a net loss).

Mass and FA 0d (n = 10) 15d (n = 5) Oats (n = 5) Food assimilated (%)

DM/animal (mg) 2.10 2.70 143
Total FA/animal (mg) 132.8 249.6 3.508a 3.3
% total FA 6.32 9.23 2.46
18:2v6/animal (mg) 9.68 52.1 1.602a 2.7
18:2v6/g DM (mg) 4.61 19.27 11.24
20:4v6/animal (mg) 2.86 2.69 – 26%
20:4v6/g DM (mg) 1.36 1.00 –
18:3v3/animal (mg) 14.13 11.75 0.062a 214%
18:3v3/g DM (mg) 6.72 4.35 0.43
20:5v3/animal (mg) 17.1 12.22 – 230%
20:5v3/g DM (mg) 8.13 4.52 –

a
= total mg amounts in food provided per animal.

TABLE 3. Mean mass of caddisfly larvae (Hydropsyche sp.), their fatty acid (FA) concentrations, and assimilation efficiencies for
total FA and major polyunsaturated fatty acids (PUFAs; 18:2v6, 18:3v3, 20:4v6, 20:5v3) at the start of the experiment (0d) and
after being fed Cladophora for 15 d (15d) in the oat and Cladophora experiment. Larval dry mass (DM) was calculated from
empirically determined fresh–dry conversion factors. Cladophora = total mass of food provided to each animal, food assimilated =

% food provided transferred to gain in mass of FA in animal (see Methods for details) (negative values indicate a net loss).

Mass and FA 0d (n = 5) 15d (n = 5) Cladophora (n = 5) Food assimilated (%)

DM/animal (mg) 2.70 2.70 19
Total FA/animal (mg) 249.6 305.3 0.747a 7.5
% total FA 9.23 11.30 3.93
18:2v6/animal (mg) 52.1 47.5 0.047a 29.6%
18:2v6/g DM (mg) 19.27 17.56 2.48
20:4v6/animal (mg) 2.69 2.81 0.006a 4.5
20:4v6/g DM (mg) 1.00 1.04 0.30
18:3v3/animal (mg) 11.75 32.15 0.178a 11.4
18:3v3/g DM (mg) 4.35 11.89 9.38
20:5v3/animal (mg) 12.23 17.25 0.022a 22.4
20:5v3/g DM (mg) 4.52 6.38 1.18

a
= total mg amounts in food provided per animal.
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other PUFAs is supported by elevated concentrations
of this FA in all invertebrates studied so far (Lee et al.
1975, Hanson et al. 1985, Bell et al. 1994, Ghioni et al.
1996, Sushchik et al. 2003, Torres-Ruiz et al. 2007).

No experimentally practical food source with high
18:3v3 content but lacking 20:5v3 was available.
However, the low 20:5v3 content of Aquadine and
Cladophora can be used to help us understand some
aspects of 20:5v3 metabolism. In our study, caddis-
flies had assimilation efficiencies for 20:5v3 that were
well above those for other FAs, including 18:3v3.
Tissue concentrations increased by as much as 88%

when larvae were fed Aquadine, which otherwise had
low v-3 levels (Table 1). Similar results have been
observed for the dragonfly Aeshna cyanea, which has
much greater assimilation efficiencies for unsaturated

than for saturated FAs (Kirfel and Komnick 1999). The
high assimilation efficiency for 20:5v3 observed in our
study could have been a consequence of its greater
metabolic importance over other PUFAs. Our data
suggest that caddisflies are incapable of elongating
18:2v6 to 20:4v6. It is unlikely that they could
elongate 18:3v3 to 20:5v3 because both elongation
pathways require the same D5 and D6 desaturases
(Stanley-Samuelson 1994).

Caddisflies probably also must acquire v-3 FAs
from their diet. In the Muscoot, the filamentous green
alga Cladophora has high 18:3v3 content (Torres-Ruiz
et al. 2007), is a common species (as it is in many
streams), and is probably a very important food
source. Most species of green algae do not appear to
produce C20 PUFAs, but some filamentous forms do
(Attavian et al. 1977). In particular, marine Cladophora
species produce 20:5v3 (Elenkov et al. 1996, Rooker et
al. 2006). Thus, the Cladophora species analyzed in our
study might have contained a small percentage of
20:5v3. Our microscopic observations (at 4003)
suggested the material used was essentially free of
epiphytes, but some diatoms, which could have
contributed to the 20:5v3 content of this alga, might
not have been removed. Therefore, diatoms would
probably be the best source of 20:5v3 (Torres-Ruiz et
al. 2007), if elongation really is limited.

In our study, 18:3v3 content of caddisflies fed only
Cladophora did increase, but several other FAs
declined (Fig. 3B–E, Table 4). The caddisflies could
have been limited by food quantity, based on the
outcome of the 2nd Cladophora experiment, in which
quantities of this alga did not decline as rapidly as
during the 1st Cladophora experiment. The quantities
of algae given to the caddisflies were roughly equal in
the 2 experiments, but the length of filaments differed
slightly, and might have affected the time spent by
caddisflies clearing their nets rather than feeding. This
net-clearing behavior has been observed in other
hydropsychid caddisfly species when feeding on long
filamentous algae (McCullough and Minshall 1979).
Despite an ,8.6% decline in total FA in the 2nd

Cladophora experiment, caddisflies exhibited a gain in
mass and an increase in 18:3v3 content. In this
experiment, tissue levels of 20:5v3 declined at a much
slower rate than levels of other FAs (Table 4), further
suggesting a greater demand for 20:5v3 over the v-6
FAs. The high water content of algae (,90%)
compared to autumn-shed leaves or oats (,15%)
makes direct comparison of these results difficult
(additions based on fresh mass). Nevertheless, these
data show that Cladophora was a superior food source,
as evidenced by higher FA assimilation efficiencies
than with oats or Aquadine (Tables 1–3).

FIG. 3. Mean (61 SE) total fatty acid (FA) content (A), %

composition of the polyunsaturated fatty acids (PUFAs)
18:2v6 (B), 18:3v3 (C), 20:4v6 (D), and 20:5v3 (E), and the
ratio of total v-3 to total v-6 FAs (Sv3/Sv6) in Hydropsyche
sp. from the Muscoot River at the start of the experiment
(0d) and after being fed Cladophora (Clad) for 20 d (20dC) or
conditioned leaf litter (Leaf) for the 20 d (20dL). Bars with
the same letter are not significantly different (p § 0.05). ND
= not detectible, DM = dry mass.
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Net-spinning caddisflies fed conditioned leaves had
reduced FA content and reduced body mass within
the time frame of the experiment (Fig. 3A, Table 5).
These data agree with those of Hanson et al. (1983)
obtained during feeding experiments with the case-
building caddisfly, Clistoronia magnifica. In their
study, larvae fed alder leaves grew at a much slower
rate than larvae fed wheat and stopped growing
altogether unless provided with wheat particles.
Quantities of food provided by Hanson et al. (1983)
were similar to those used in our experiments, but
their animals were unable to maintain their initial
mass. Senescent terrestrial leaves, even when condi-
tioned, are a poor source of nutrition and have high

contents of refractory and indigestible carbohydrates
(e.g., lignins) and low protein and lipid content
(Suberkropp et al. 1976, Sterner and Elser 2002).
Recent results (MT-R, JDW, and AAP, unpublished
data) showed that, in general, conditioned leaves also
offer low quantities of total FAs (,10 mg/g DM). Our
experiments (this study) confirm the poor quality of
this food source for net-spinning caddisflies, as is
clearly shown by their inability to maintain initial
mass or FA content after 20 d of active feeding.

In summary, our use of laboratory experiments to
simulate stream conditions has clarified links between
a variety of food sources and one important member
of lotic food webs. In combination with our seasonal

TABLE 4. Mean mass of caddisfly larvae (Hydropsyche sp.), their fatty acid (FA) concentrations, and assimilation efficiencies for
total FA and major polyunsaturated fatty acids (PUFAs; 18:2v6, 18:3v3, 20:4v6, 20:5v3) at the start of the experiment (0d) and
after being fed Cladophora for 20 d (20d) in Cladophora vs conditioned leaves experiment. Larval dry mass (DM) was calculated
from empirically determined fresh–dry conversion factors. Cladophora = total mass of food provided to each animal, food
assimilated = % food provided transferred to gain in mass of FA in animal (see Methods for details) (negative values indicate a
net loss).

Mass and FA 0d (n = 5) 20d (n = 5) Cladophora (n = 5) Food assimilated (%)

DM/animal (mg) 2.37 2.80 19 2.26
Total FA/animal (mg) 247.2 225.9 3.639a 28.6%
% total FA 10.43 8.07 19.15
18:2v6/animal (mg) 13.84 9.5 0.178a 231.5%
18:2v6/g DM (mg) 5.84 3.39 9.37
20:4v6/animal (mg) 4.77 3.84 – 219.5%
20:4v6/g DM (mg) 2.01 1.37 –
18:3v3/animal (mg) 22.5 33.7 0.979a 1.14
18:3v3/g DM (mg) 9.49 12.02 51.52
20:5v3/animal (mg) 26.81 24.87 0.127a 27.3%
20:5v3/g DM (mg) 11.32 8.89 6.70

a
= total mg amounts in food provided per animal.

TABLE 5. Mean mass of caddisfly larvae (Hydropsyche sp.), their fatty acid (FA) concentrations, and assimilation efficiencies for
total FA and major polyunsaturated fatty acids (PUFAs; 18:2v6, 18:3v3, 20:4v6, 20:5v3) at the start of the experiment (0d) and
after being fed conditioned leaves for 20 d (20d) in the Cladophora vs conditioned leaves experiment. Larval dry mass (DM) was
calculated from empirically determined fresh–dry conversion factors. Leaves = total mass of food provided to each animal, food
assimilated = % food provided transferred to gain in mass of FA in animal (see Methods for details) (negative values indicate a
net loss).

Mass and FA 0d (n = 5) 20d (n = 5) Leaves (n = 5) Food assimilated (%)

DM/animal (mg) 2.37 2.26 190
Total FA/animal (mg) 247.2 95.02 2.242a 261.6
% total FA 10.43 4.20 1.18
18:2v6/animal (mg) 13.84 5.03 0.296a 263.6
18:2v6/g DM (mg) 5.84 2.23 1.56
20:4v6/animal (mg) 4.77 2.47 – 248.2
20:4v6/g DM (mg) 2.01 1.09 –
18:3v3/animal (mg) 22.49 11.49 0.237a 248.9
18:3v3/g DM (mg) 9.49 5.09 1.25
20:5v3/animal (mg) 26.81 12.92 – 251.8
20:5v3/g DM (mg) 11.32 5.72 –

a
= total mg amounts in food provided per animal.
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data on one stream food web (Torres-Ruiz et al. 2007),
it seems clear that stream invertebrates require at least
some nutrition from aquatic primary producers, such
as benthic algae. The evidence is preliminary regard-
ing synthesis and elongation capabilities of hydro-
psychid caddisflies, but the FA profiles of these lotic
invertebrates clearly changed during feeding and
came to reflect the food they ingested. In agreement
with studies on freshwater zooplankton, which also
reflect the FA profile of their diets (Brett et al. 2006),
our results further support the importance of PUFA-
rich primary producers at the bases of aquatic food
webs. These essential FAs would be highly conserved
by important consumers (e.g., cladocerans in lakes,
caddisflies in rivers) and would be transferred
unaltered to higher consumers, such as fish.

Terrestrial detritus was a poor source of PUFAs,
and caddisflies cannot make up nutritional deficits
unless they obtain these FAs from algae, or perhaps
from predation. How a prolonged absence of PUFAs
from the diet might affect the survival and reproduc-
tion of these and other lotic invertebrates is not yet
known, but could be important. We suggest that
future experiments be designed to shed further light
into the critical importance of these essential nutrients
in lotic food webs.
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