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Simple Summary: We used stable isotope analysis of carbon and nitrogen to investigate the feeding
relationships between the giant reed Arundo donax, larvae of the gall midge Lasioptera donacis and the
saprophytic fungus Arthrinium arundinis, which grows in the reed’s internodes. We also evaluated
the effects of the parasitic nematode Tripius gyraloura on midge larval feeding behaviour. The giant
reed is one of the most invasive plant species in the world and the gall midge is a potential candidate
for its biological control. It is currently unknown whether the larvae can feed directly on the reed
or only the fungus growing in the reeds. Furthermore, it is not clear whether midge larvae infected
by the parasitic nematode have different feeding behaviour. Our results indicated that the larvae
feed on both the reed and the fungus in variable proportions depending on reed quality. We also
observed that parasitised and non-parasitised larvae have the same diet, indicating that infection by
nematodes does not change the midge larval trophic preferences.

Abstract: The gall midge Lasioptera donacis, whose larval stage interferes with the reed’s leaf develop-
ment, is a potential candidate agent for the biological control of Arundo donax. Reed infestation is
always associated with the presence of a saprophytic fungus, Arthrinium arundinis, which is believed
to provide food for the larvae. Larvae also interact with a parasitic nematode, Tripius gyraloura, which
can be considered its natural enemy. To deepen our knowledge of the plant–fungus–insect trophic
interactions and to understand the effects of the nematode on midge larval feeding behaviour, we
applied stable isotope analysis, one of the most effective methods for investigating animal feeding
preferences in various contexts. The results showed that on average the fungus accounted for 65% of
the diet of the midge larvae, which however consumed the reed and the fungus in variable propor-
tions depending on reed quality (expressed as the C:N ratio). No differences in feeding behaviour
were observed between parasitised and non-parasitised midge larvae, indicating that nematodes
have no effect in this regard. Due to its trophic habits, L. donacis could be an effective control agent of
A. donax and these results need to be considered when implementing biological control measures.

Keywords: invasive species; giant reed; gall midge; biological control; stable isotope analysis;
trophic relationships

1. Introduction

Biological invasions are a significant driver of human-induced global change, being
considered the second biggest cause of biodiversity loss after habitat destruction [1,2].
About 80% of endangered species around the world are currently threatened by stressors
arising from invasive species, many of which were deliberately introduced for various
purposes including food or timber production, landscape restoration, erosion control,
aesthetics and recreation [3,4]. Interactions between invasive and native species have
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important implications for the structure and functioning of ecosystems [4–6], and their
effects can be manifested in various ways, such as reduction in the richness and abundance
of native species, genetic changes in native populations via hybridisation and disruption of
mutualistic networks [6–8].

Invasive alien plants tend to establish themselves easily, expanding quickly in the new
habitat [4]. Facilitated by anthropogenic activities, they tend to surmount geographical
and environmental barriers [4]. They have various impacts on native plants and can have
cascading effects on entire food webs [9–11]. In many cases these plants build dense
populations that can exclude other species [12,13].

The giant reed Arundo donax L. (Poaceae: Cyperales) is an extremely invasive weed
typical of riparian habitats, drainage ditches and irrigation channels, which has been in-
cluded among the 100 most invasive species on the planet [14]. This reed is native to the Old
World, spreading from the Iberian Peninsula in Europe across the Mediterranean to South
Asia. It was introduced into North America in the early 1500s by colonists, where it quickly
became naturalised, and this species now extends to all continents except Antarctica [15,16].
Arundo donax forms dense monospecific beds, becoming the dominant species in invaded
riparian habitats, where it competes with native plants for water resources and reduces
both plant and macroinvertebrate diversity [15–18]. Mechanical removal of A. donax can be
extremely expensive and labour-intensive, while complete eradication, in well-established
infestations, is very difficult to accomplish [19]. Management is possible however [19],
and insect-based biological control is considered the best long-term option [20]. One of
the candidate agents [21] is Lasioptera donacis Coutin & Faivre-Amiot, 1981 (Diptera: Ce-
cidomyiidae), a monophagous (highly host-specific) midge which completes its life-cycle
only on A. donax [20] and whose larvae interfere with the giant reed’s leaf development,
compromising its photosynthetic function. The damage caused by the larvae of L. donacis to
the leaves of A. donax decreases the density of the foliage produced by the reeds, resulting
in greater light penetration and potentially a revival of the native plant community in
areas invaded by A. donax [22]. Larval infestation is always associated with the presence of
a saprophytic fungus, Arthrinium arundinis Corda (Xylariales: Apiosporaceae), which is
believed to provide a trophic resource for the larvae in the reed leaf [17,21,23]. Indeed, L.
donacis, like other midges of the genus Lasioptera Meigen, 1818, is believed to be sapromy-
cophagous, feeding on the fungus which grows in the leaf sheath galleries in a symbiotic
association with reed and larvae [24].

The larvae also interacts with a parasitic nematode, Tripius gyraloura, Poinar and
Thomas, 2014 (Aphelenchoidea: Sphaerulariidae), which can be considered the natural
enemy of L. donacis [25]. The adult female of the nematode penetrates the integument of
the midge larvae and, once the insects have matured into adults, it attacks their ovaries,
replacing the midge’s eggs with its own larvae and causing the sterilisation of infected
female midges [25].

In spite of our knowledge of these complex interactions, it has not yet been demon-
strated whether the larvae of the leaf-mining midge depend on mycelia or are able to feed
directly on the reed, especially during the reed’s early growth stages, when its nutritional
content and palatability might be higher [18,26]. Furthermore, although the effects of the
nematode on the fecundity of gall midge adults are known [25], whether the nematode
interferes with gall midge larval feeding behaviour, thereby reducing the damage that they
cause to the leaves of the plant, has not yet been evaluated. This question is crucial and
needs to be settled before the release of L. donacis as a biological control agent of A. donax.
Therefore, the goals of this study were to (i) deepen our knowledge of the plant–fungus–
insect trophic interactions and (ii) understand the role of the nematode in the feeding
behaviour of the midge larvae.

In the present study, the trophic relationships between the reed, the fungus, and the
larvae of the gall midge, together with the possible influence of the parasitic nematode on
larval diet, were evaluated by means of stable isotope analysis (SIA). SIA is especially useful
because it makes it possible to understand the trophic relationships between organisms.
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It can thus be used to develop models of food webs [27–30] and to define trophic niches and
feeding preferences [27,31,32]. In addition, SIA has also proven to be suitable for studies of
pest control and biological invasions [33,34]. The two elements most commonly employed
in these studies are nitrogen (N), which exhibits stepwise enrichment with trophic transfer,
and carbon (C), used to determine the original sources of dietary carbon [27,29,30]. The
isotopic values of these elements in consumer tissues reflect those of the food sources
in a predictable manner, since tissues are synthetised from the nutrients assimilated and
ingested [27–30]. In this context, SIA is considered a suitable technique for quantifying
the assimilated larval diet of L. donacis, not easily measurable by other techniques such
as direct observation or analysis of stomach contents. To determine the proportional
consumption of reed and fungus by the gall midge larvae, Bayesian stable isotope mixing
models were used to identify the proportional contributions of single resource pools to a
larval diet [35]. Furthermore, in order to evaluate the effects of habitat and associated reed
quality on the relationships between the species, samples were collected from a number
of sites and the isotopic signatures and diets of midges were compared. Since high C:N
ratios, associated with low nitrogen content, could reduce the palatability of the plants for
primary consumers [18,26], the effect of the reed’s C:N ratio on the feeding behaviour of
midge larvae was also determined. As for A. donax specifically, C:N ratios greater than
17 are known to make mature leaves unattractive to herbivores, which may induce them
to shift their diet toward younger and N-richer leaves, or to other food sources [18,26].
Changes in the attractiveness of food sources can in turn affect the relationships between
herbivores and their natural enemies [36].

2. Materials and Methods
2.1. Lasioptera donacis Life Cycle

Lasioptera donacis belongs to the Cecidomyiidae family, which includes a large number
of gall-forming species. Most of these species are strictly monophagous, completing
their life-cycle on one plant host [37]. The genus Lasioptera, one of the largest of the
Cecidomyiidae family, comprising 129 species [38], is defined taxonomically by the presence
of mycangia. The function of these structures, in the postabdomen and in the ovipositor
of adult females, is the transport of fungal conidia. Larvae of the genus Lasioptera are
symbiotic with the fungus they feed on [39,40]. Lasioptera donacis is a monophagous species
and the only host plant in which it manages to complete its life cycle is A. donax [20]. It
is believed to establish a symbiotic relationship with the saprophytic fungus A. arundinis
whose conidia are accidentally transported by adult females [20,21,23]. After mating, adult
females lay eggs in several clutches of 15–25 each, inside pre-existing holes or under the
leaf sheath surrounding the main stem [20]. Fungal conidia are probably deposited by the
females during oviposition through the mycangia [20]. The saprophytic fungus develops
soon after the eggs are laid, while the eggs hatch after about 10–12 days. The three larval
stages of the gall midge develop entirely within the reed foliar sheath, surrounded by the
saprophytic fungus, which provides a trophic substrate for the larvae [21]. One month
after oviposition, they pupate and the newly emerged adults (5 mm) mate immediately.
The females lay a new generation of eggs on leaf sheaths of the same reed from which they
emerged or on a neighbouring one. At the beginning of the breeding season (in Central
Italy from the end of April to mid-May), newly emerged females start to oviposit on the
internodes close to the ground of new green shoots. Only later in the season, when the reed
is well developed, is it possible to record oviposition on more apical internodes. A number
of females can successively lay on the same leaf sheath, leading to overlapping generations
of larvae [20–22].

2.2. Sampling and Stable Isotope Analysis

Samples of A. donax, A. arundinis and L. donacis were collected in September 2017 from
six sites (A, B, C, D, E and F) close to small waterways or pools near Rome (Italy), in areas
differing in type (urban, agricultural and open countryside) but having similar exposure
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to light and wind and similar conditions in terms of temperature and relative humidity
(Table S1).

At each sampling site, eighteen reeds were randomly collected, stored in refrigerated
boxes and transported to the laboratory. In the laboratory, portions of the leaf sheath (both
healthy and colonised by the fungus), the mycelium of the fungus and the gall midge
larvae were collected from the second to the sixth internode of A. donax, where infestation
was high. No differences were observed between leaf sheaths in the number midge larvae
present in the mesophyll, and therefore one internode leaf sheath per reed was randomly
analysed. Specifically, the leaf sheath of the reeds, healthy or infected by the fungus, was
isolated using a 1 cm Ø hollow punch. The fungal biomass and larvae were gently extracted
using a stereomicroscope. Given that nematodes inside the mature larvae can be visually
detected at the end of their abdomen under a stereomicroscope (Figure 1), the larvae were
divided into two groups, parasitised and not parasitised by the nematode.

Figure 1. (A) Leaf-discs of Arundo donax; (B) mycelium of Arthrinium arundinis extracted from leaf
sheath mesophyll; (C) optical microscope image of Lasioptera donacis larvae; (D) optical microscope de-
tail of L. donacis abdomen parasitised by Tripius gyraloura. The arrow indicates the parasitic nematodes.

In order to determine C and N stable isotope values and relative C and N content, all
samples were stored at −80 ◦C, freeze dried for 24 h and ground to a fine homogenous
powder [30] using a ball mill (Fritsch Mini-Mill Pulverisette 23). Powder samples were
weighed (2.5 ± 0.2 mg for plant and fungal samples and 0.5 ± 0.1 mg for nematodes
and insect larvae) and inserted into tin capsules. Where possible, larvae were weighed
individually (otherwise they were pooled to reach the minimum necessary weight), after
which they were combusted in an Elementar vario MICRO cube analyser coupled with
an Isoprime 100 mass spectrometer operating as a continuous flow system [41]. N stable
isotope ratios (15N:14N) and C stable isotope ratios (13C:12C) were expressed in δ (‰) units
in accordance with the following equations: δR (‰) = [(Rsample − Rstandard)/Rstandard]
* 103, where R is the heavy-to light isotope ratio of the element [42]. Results were calibrated
with reference to International Atomic Energy Agency reference materials (IAEA-CH-3,
IAEA-CH3 and USGS24 for δ13C; IAEA-N1, IAEA-N2 and USGS25 for δ15N). Measurement
errors associated with the linearity and stability of the mass spectrometer were typically
smaller than 0.05‰, while the standard deviation of repeated measurements of the cali-
brated internal standard material (IAEA-600 Caffeine, one replicate every 10 analyses) was
typically ± 0.02‰ for δ13C and ± 0.07‰ for δ15N.
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2.3. Data Analysis

Analysis of variance (one-way ANOVA) and Tukey’s HSD post-hoc test were per-
formed to check for (a) differences between sites in the isotopic signatures of reeds, fungus
and larvae, and in the C:N ratio of reeds, and (b) differences in isotopic signatures between
reeds, fungus and larvae at all sites. The proportional contribution of reed and fungus to
the diet of L. donacis larvae was estimated using Bayesian stable isotope mixing models
(SIMMs) [37]. SIMMs calculate estimated dietary proportions with multiple error structures
and the incorporation of fixed and random effects [35]. SIMMs require three inputs: (i) the
isotopic values of the consumers (i.e., isotopic values of L. donacis larvae), (ii) the isotopic
values of potential sources (i.e., isotopic values of reed and fungus, potential food sources
for larvae) and (iii) the trophic enrichment factors (TEFs, i.e., the differences in isotopic
values between a consumer and its resource due to the isotopic fractionation that occurs
during metabolic processes). To compare the diets of larvae between sites, we ran a model
with the isotopic signatures of larvae as mixtures and the isotopic signatures of reeds and
fungus (separated for each site) as sources. The model structure had “Site” as a fixed effect
and “Larvae ID” as a nested random effect. To compare the diets of larvae infected and
not infected with nematodes, we also ran a SIMM with “Site” and “Infection status” as
fixed effects. The TEFs used were ∆15N = 2.1 ± 0.2‰ and ∆13C = 0.3 ± 0.14‰ [43]. It was
not possible to refer to any previous work using stable isotopes to characterise the diet
of L. donacis. For all SIMMs, we ran three Markov Chain Monte Carlo chains of 300,000
iterations each with a burn-in of 200,000 and a thinning rate of 100 iterations. Each model
was checked for chain convergence by visual inspection of trace-plots and application of
the Gelman-Rubin and Geweke diagnostic tests. The outputs of the models were reported
as means of estimated dietary proportions with their associated 95%, 75% and 50% credible
intervals (CI).

In this study, all SIMMs were run using the MixSIAR R package [35]. Finally, to test
the effect of parasitism on larvae, a series of paired data t-tests were performed: groups of
parasitised and healthy larvae were compared, in order to verify the differences in δ15N,
δ13C, and the proportion of the diet accounted for by A. donax leaves.

To verify the effect of water deficit on the leaf sheath, the leaf δ13C values were
correlated with the distance of the reed from water canals and pools (Pearson correlation
test). Furthermore, the effects of water proximity and those of internodes (from 2 to 6) on
leaf C:N ratios were tested (Pearson correlation test).

3. Results
3.1. Isotopic Signatures of Reeds, Fungus and Gall Midge Larvae

Small but significant differences in mean δ13C values were observed between reeds,
fungus and larvae (Table 1). However, in pairwise comparisons the differences were
statistically significant only between reeds and larvae and not between reeds and fungus or
between fungus and larvae. The average isotopic C difference (∆13C‰) between larvae
and reeds was 1.2 ‰ (Table 1).

Table 1. Mean carbon and nitrogen stable isotope values and C:N ratios of reeds, fungus and midge
larvae. For each parameter, different superscript letters (a, b, c) indicate statistical differences between
reeds, fungus and larvae (one-way ANOVA and Tukey post-hoc comparisons; p < 0.05).

δ13C (‰) δ15N (‰) C:N Sample Size

Mean ± S.D. Mean ± S.D. Mean ± S.D. N◦

A. donax −29.0 ± 1.3 a 2.5 ± 1.9 a 55.0 ± 13.2 a 18
A. arundinis −28.7 ± 1.5 a,b 5.1 ± 1.7 b 22.1 ± 4.4 b 18
L. donacis −27.8 ± 1.6 b 5.4 ± 2.0 b 10.9 ± 1.9 c 124

Differences also existed between mean δ15N values (Table 1). Specifically, the δ15N
values of reeds were significantly lower than those of fungus and larvae, which did not



Biology 2022, 11, 1805 6 of 12

differ statistically from each other. The average isotopic N difference (∆15N‰) between
larvae and the reeds was 3.4‰ (Table 1).

Differences were found between sites in the δ13C values of reeds, fungus and larvae
(Figure 2; one-way ANOVA: F5,13 = 13.97, F5,13 = 25.91, and F5,125 = 58.36, respectively,
always p < 0.001).

Figure 2. Isotopic biplots of the average δ15N (‰) and δ13C (‰) values of A. donax (green squares), A.
arundinis (grey dots), and L. donacis (orange triangles) at sampling sites. Error bars represent standard
deviation. The trophic enrichment factors (TEF) were subtracted from the isotopic values of L. donacis.

These differences were not correlated with the distance from canals or pools (Pearson
correlation test, n.s.). The δ15N values of the reeds did not differ statistically between sites,
although they were very low at site C, and slightly higher than the remaining ones at site F
(Figure 2; one-way ANOVA, F5,13 = 2.15, n.s.). In contrast, the differences between sites in
the δ15N values of both fungus and larvae were statistically significant (one-way ANOVA;
F5,13 = 3.23, and F5,125 = 5.26, respectively, p < 0.05).

3.2. Diet of Gall Midge Larvae: Influence of Reed Quality and Parasitism by T. gyraloura

The larvae consumed the reeds and the fungus in varying percentages, thus displaying
a variable diet. On average, fungus accounted for 65% of the diet of the midge larvae. The
highest consumption of reeds was observed at site F and the lowest at site B and vice versa
for the fungus (Table 2).
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Table 2. Diet of L. donacis based on stable isotope mixing model outputs. Values are reported as mean
probabilities and upper and lower 95% credibile intervals.

Site
Reed Consumption Fungus Consumption N◦ L.

donacisMean
(%) 2.5% 97.5% Mean

(%) 2.5% 97.5%

A 32.1 10.7 57.1 67.9 42.9 89.3 27
B 6.8 0.8 20.4 93.2 79.6 99.2 26
C 58.4 19.5 82.9 41.6 17.1 80.5 9
D 17.8 1.5 57.4 82.2 42.6 98.5 24
E 8.8 0.9 25.0 91.2 75.0 99.1 25
F 85.9 72.6 96.4 14.1 3.6 27.4 13

Variability in the reed carbon-nitrogen ratio (C:N ratio) was observed between samples
but not between sites (one-way ANOVA, F = 2.1, df = 17, n.s.). The C:N ratio was not
correlated with distance from water bodies nor with the internodes (Pearson correlation
test, n.s.). The consumption of reeds as a percentage of the gall midge larval diet also varied
within sites and was inversely correlated with the C:N ratio (Figure 3).

Figure 3. Correlation between the proportion of consumption by gall midge larvae and the C:N ratio
of the reed. Each dot represents the estimated proportion of an individual larva.

The overall low nitrogen content in the leaf sheaths was associated with a rather high
C:N ratio, on average equal to 55.0 ± 13.2%, which led to lower average consumption of
reeds than fungus.

Parasitised larvae were found in four out of the six sites (sites A, B, D and E) in
similar proportions (about 30% of the total number of larvae). No differences in carbon and
nitrogen isotope signatures were observed between parasitised and non-parasitised larvae
(tat least = 0.09, n.s.), except for nitrogen at site E (t = 2.61, p < 0.05, Table S2). Parasitised and
non-parasitised larvae displayed similar isotopic niches (Figure 4A) and similar percentages
of reed in their diet (Figure 4B; t = 0.26, n.s.).
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Figure 4. (A) Isotopic biplot of non-parasitised (N.P., red dots, red ellipses) and parasitised (P., blue
dots, blue ellipses) larvae. Inner ellipses represent 40% of the samples, while outer ellipses represent
95%. (B) Estimated proportions of consumption accounted for by reeds among parasitised (P.) and
non-parasitised (N.P.) larvae at sites A, B, D and E. Results are reported as modal values (blue circles)
with their associated 50% (thick blue lines) and 95% (thin blue lines) credibile intervals.

4. Discussion

The results of this SIA-based study show that: (i) midge larvae consume reeds and
the fungus in variable proportions depending on reed quality, measured as the C:N ra-
tio [18,26]: as this falls, the proportion of the diet composed of fungus increases; (ii) the
feeding behaviour of the midge larvae is not affected by parasitic nematodes. From a
methodological point of view, stable isotope and elemental analyses and Bayesian mixing
models enabled us to obtain valuable and precise information regarding the trophic rela-
tionships, not yet completely clarified, of L. donacis. Indeed, this approach is very useful
in disentangling trophic interactions, especially when dealing with very small organisms
such as invertebrates or cases where consumers live immersed in a mixture of resources
(as in the case of L. donacis) and classical methods (i.e., direct observation and/or stomach
content analyses) are very difficult to apply. On the practical side, knowledge of these
trophic interactions is key to understanding their ecology and assessing the adequacy of
biological control measures, and it is also useful for management planning. The arundo
gall midge is considered the third most promising agent, after with the stem-galling wasp
Tetramesa romana Walker (Hymenoptera: Eurytomidae) and the rhizome-feeding armoured
scale Rhizaspidiotus donacis (Leonardi, 1920) (Homoptera: Diaspidae), for the biological
control of A. donax. Its release is permitted in North America and Mexico [20,22]. L. donacis
is highly host-specific and its monophagy to A. donax poses no significant threats to other
native or economically valuable plants, despite partial larval development being observed
in Phragmites australis (Cav.) Trin. Ex Steud [20]. Some of the midge’s larval stages develop
entirely in the mesophyll of the stem leaf sheaths of the reed, where they have been seen
feeding together in groups or clusters. The development of the first larval stages generally
occurs before the accumulation of fungal biomass [20,21]. According to Rohfritch [40] in
this symbiotic relationship, the fungus can provide, in exchange for being transported to
new hosts, initial nourishment for the larvae of Lasioptera spp. and protection from external
agents. Midge larvae were once believed to feed on the fungus and not directly on the reed.
Based on the presence of rudimentary mouthparts, the enlargement of the salivary glands
and the lack of frass accumulations, Thomas and Goolsby [21] argue that midge larvae have
a liquid diet as a result of the extraoral digestion of fungal material [21]. However, from the
isotopic biplots it was observed that the larvae were positioned both above and between the
reed and the fungus, indicating that they feed on both resources. It could thus be described
as an omnivore (i.e., an organism that feeds on more than one trophic level). Arundo donax
is the only trophic source of the saprophytic fungus [20], and for this reason the carbon
isotopic values of the fungus and the reed were very similar. However, the average isotopic
differences between the larvae and the reed (∆13C = 1.2. ‰ and ∆15N = 3.4 ‰) placed the
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larvae, with a certain degree of variability between sites, on the second trophic level, i.e.,
only one level above the reed. This result leads us to reject the hypothesis that larvae feed
only on the fungus [17,21,23]. Indeed, both δ13C and δ15N clearly indicate that midge larvae
also feed directly on the leaf sheath of the giant reed. The outputs of the Bayesian mixing
models suggested that the proportions of the larval diet attributable to reeds and fungus
vary between sampling sites and sometimes even within sites. This is due to variation
in the quality of the reed leaf sheath as a food resource, measured as the inverse of the
carbon-nitrogen ratio (C:N). Specifically, the lower the nitrogen content of the reed, the
higher the C:N ratio, and the lower the direct consumption of this food source by the gall
midge larvae. Indeed, the overall low nitrogen content of reed leaf sheaths was reflected
by an average C:N ratio of 55 (Table 1), substantially beyond the ratio of 17 at which the
leaves become unattractive to phytophagous consumers [18,26]. This led to reduced direct
consumption of reeds by the larvae, which shifted their diet to saprophytes, which are an
N-rich and highly energetic food source [18,26].

The C:N ratio of plants reflects the protein content, which is considered one of the
most important nutritional characteristics of a food source [44–46]. Proteins account for
about 7% by mass of giant reed leaf fibres and 6% of leaf parenchyma, higher than the
internal stem and other parts of the plant [47,48]. The synthesis of most proteins depends
on the amount of nitrogen that the plant absorbs, which in turn depends on the input of
nitrogen to the soil [26,49,50]. A certain variation in the nitrogen isotopic signatures of
reeds between locations could depend on the source of the nitrogen, since it can originate
from a variety of natural and anthropogenic processes and sources, such as wastewater or
synthetic inorganic fertilisers [51–53]. The significant differences observed in the carbon
isotopic signatures were not due to water deficit, related to the distance from water canals
and pools, as observed in other studies [54]. Although no statistical differences were
found in leaf quality (as C:N) from internodes 2 to 6, this topic merits further investigation.
Leaf quality is relevant to the biological control of A. donax, since both L. donacis and its
associated saprophyte complete their development only on the giant reed [20], and changes
in reed leaf sheath quality could affect the feeding choices of the gall midge. L. donacis
could include parts of the reed in its diet to compensate for the mismatch between the
development of the first larvae and that of the trophic substrate providing good quality
energy. Therefore, the gall midge could promote control of A. donax both directly, by
feeding on the leaves, and indirectly, by promoting the introduction and spread of the
fungal substrate and, thus, the degradation of the giant reed [49]. According to Goolsby
and colleagues [20], the release of L. donacis could complement the control activity of the
other two agents, the arundo wasp and arundo scale, and enhance the damage and stress
inflicted on A. donax.

While soil quality and N-input can have a role in reed quality and thus in the feeding
behaviour of midge larvae, our results showed that their infection by nematodes does not
affect the proportional consumption of leaf sheath and fungal mycelium. This is to be
expected given that female nematodes become aggressive toward the host only during its
pupal or adult phase, when their offspring in the ovaries of the midge replace the insect’s
eggs [25]. During the larval phase, the female nematodes inside the midge larvae merely
absorb nutrients via the skin [21,25]. Furthermore, the results indicated that there were
no significant differences between the groups of parasitised and non-parasitised larvae in
terms of the isotopic signatures of either nitrogen (δ15N) or carbon (δ13C), suggesting that
T. gyraloura is extremely well-adapted. Its life cycle is fully correlated with that of the gall
midge, and the fact that its presence does not modify the larval feeding behaviour suggests
evolution by the parasite towards low virulence to the host insect [55–57]. However, as
observed for the two other Tripius species, T. gibbosus (Leuckart) and T. sciarae (Bovien),
and their respective hosts, T. gyraloura can be considered a natural enemy of L. donacis [25].
Indeed, the presence of the nematode causes sterilisation of the adult insect and could thus
reduce its fitness and effectiveness as a biological control agent. Therefore, as suggested
by Poinar and Thomas [25], its eradication from laboratory colonies and the development



Biology 2022, 11, 1805 10 of 12

of parasite-free populations of gall midge should be considered before their release into
the wild.

5. Conclusions

This study highlighted for the first time the occurrence of feeding interaction between
the reed and the gall midge larvae. L. donacis turns out to be an ‘omnivore’, feeding on both
reed and fungus in variable proportions, and not exclusively a third-level consumer that
consumes fungus growing on reeds. This indicates a closer trophic relationship between
the midge and the target weed than what has been described in previous studies [21,23].
Moreover, several records highlight the close relationship between gall midge species
belonging to the Cecidomyiidae family and their target host plant species [37,58]. The
results of this study therefore lead to refute the established notion that gall midges are
strictly fungus feeders. In this study, stable isotope analysis and Bayesian Mixing models
illustrated how midge larvae can optimise their foraging based on the trophic quality of the
reed, thus maximising net energy intake [59] regardless of the abundance of the fungus. The
models also suggested that the infecting nematode does not impact the feeding behaviour
of the larvae, although it may influence their fitness.

The study of this multi-trophic system can lay the foundations for studies of the
ecological aspects of A. donax and the food chains of other potential control agents for
this plant that have not yet been investigated. Stable isotope analysis has proved to be a
useful tool in the biological control of invasive alien plants, especially for identifying and
understanding the feeding physiology and behaviour of many phytophagous arthropods
assessed as potential biocontrol agents. Lasioptera donacis appears to be an effective control
agent of reeds, especially when their nitrogen content is high, as in plants growing in
nutrient-enriched soils or wetlands [60]. However, the trophic plasticity of the larvae
enables them to survive even in less favourable N conditions by relying for their diet on
fungus. This needs to be taken into account when implementing biological control measures,
since in food webs with three trophic levels the attractiveness of the basal resources is
known to directly and indirectly affect the presence and movement of the associated
community of arthropods, including the potential natural enemies of pests [26,36].
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signatures of L. donacis with and without parasites in four sampling sites. The t-test refers to the
comparison between parasitized and non-parasitized larvae in the same site.

Author Contributions: Conceptualisation, M.C., L.R. and M.L.C.; formal analysis, G.C., M.B. and
S.S.C.; funding acquisition, L.R. and M.L.C.; investigation, G.C., M.B., S.S.C. and E.C.; supervision,
M.C., L.R. and M.L.C.; visualisation, G.C. and S.S.C.; writing—original draft, G.C., M.B. and M.L.C.;
writing—review and editing, G.C., M.B., M.C., S.S.C., E.C., L.R. and M.L.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by Sapienza University of Rome projects RIC.SAPIENZA_302_
2017 (M.L. Costantini) and RIC.SAPIENZA_302_2018 (M.L. Costantini).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank John Goolsby, USDA-ARS, Edinburg, TX, and Patrick Moran, USDA-
ARS, Albany, CA, for their scientific support in the giant reed biological control programme. We
thank George Metcalf for revising the English text.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/biology11121805/s1
https://www.mdpi.com/article/10.3390/biology11121805/s1


Biology 2022, 11, 1805 11 of 12

References
1. Simberloff, D. Biological Invasions—How Are They Affecting Us, and What Can We Do about Them? West. N. Am. Nat. 2001, 61,

308–315.
2. Masters, G.; Norgrove, L. Climate Change and Invasive Alien Species. UK CABI Work. Pap. 2010, 1, 30.
3. Pimentel, D.; Zuniga, R.; Morrison, D. Update on the Environmental and Economic Costs Associated with Alien-Invasive Species

in the United States. Ecol. Econ. 2005, 52, 273–288. [CrossRef]
4. Pimentel, D. Biological Invasions: Economic and Environmental Costs of Alien Plant, Animal, and Microbe Species, 2nd ed.; CRC Press:

Boca Raton, FL, USA, 2011; ISBN 978-1-4398-2990-5.
5. Sakai, A.K.; Allendorf, F.W.; Holt, J.S.; Lodge, D.M.; Molofsky, J.; With, K.A.; Baughman, S.; Cabin, R.J.; Cohen, J.E.; Ellstrand,

N.C.; et al. The Population Biology of Invasive Species. Annu. Rev. Ecol. Syst. 2001, 32, 305–332. [CrossRef]
6. Brancatelli, G.I.E.; Zalba, S.M. Vector Analysis: A Tool for Preventing the Introduction of Invasive Alien Species into Protected

Areas. Nat. Conserv. 2018, 24, 43–63. [CrossRef]
7. Keane, R. Exotic Plant Invasions and the Enemy Release Hypothesis. Trends Ecol. Evol. 2002, 17, 164–170. [CrossRef]
8. Pyšek, P.; Jarošík, V.; Hulme, P.E.; Pergl, J.; Hejda, M.; Schaffner, U.; Vilà, M. A Global Assessment of Invasive Plant Impacts on

Resident Species, Communities and Ecosystems: The Interaction of Impact Measures, Invading Species’ Traits and Environment.
Glob. Chang. Biol. 2012, 18, 1725–1737. [CrossRef]

9. David, P.; Thébault, E.; Anneville, O.; Duyck, P.-F.; Chapuis, E.; Loeuille, N. Impacts of Invasive Species on Food Webs. In
Advances in Ecological Research; Elsevier: Amsterdam, The Netherlands, 2017; Volume 56, pp. 1–60. ISBN 978-0-12-804338-7.

10. Romanuk, T.N.; Zhou, Y.; Valdovinos, F.S.; Martinez, N.D. Robustness Trade-Offs in Model Food Webs. In Advances in Ecological
Research; Elsevier: Amsterdam, The Netherlands, 2017; Volume 56, pp. 263–291. ISBN 978-0-12-804338-7.

11. López-Núñez, F.A.; Heleno, R.H.; Ribeiro, S.; Marchante, H.; Marchante, E. Four-Trophic Level Food Webs Reveal the Cascading
Impacts of an Invasive Plant Targeted for Biocontrol. Ecology 2017, 98, 782–793. [CrossRef]

12. Culliney, T.W. Benefits of Classical Biological Control for Managing Invasive Plants. Crit. Rev. Plant Sci. 2005, 24, 131–150.
[CrossRef]

13. Weber, E. Invasive Plant Species of the World: A Reference Guide to Environmental Weeds; CABI: Wallingford, UK, 2017; ISBN
1-78064-386-1.

14. Lowe, S.; Browne, M.; Boudjelas, S.; De Poorter, M. 100 of the World’s Worst Invasive Alien Species: A Selection from the Global Invasive
Species Database; Invasive Species Specialist Group Auckland: Auckland, New Zealand, 2000; Volume 12.

15. Bell, G.P. Ecology and Management of Arundo donax, and Approaches to Riparian Habitat Restoration in Southern California. In
Plant Invasions. Studies from North America and Europe; Backhuys Publishers: Leiden, The Netherlands, 1998.

16. Dudley, T.L. Arundo donax L. In Invasive Plants California’s Wildlands; University of California Press: Berkeley, CA, USA, 2000;
pp. 53–58.

17. Goolsby, J.A.; Racelis, A.E.; Goolsby, J.B.; Kirk, A.A.; Cristofaro, M.; Grusak, M.A.; de Leon, A.P. Evaluation of Biogeographical
Factors in the Native Range to Improve the Success of Biological Control Agents in the Introduced Range. Biocontrol Sci. Technol.
2013, 23, 1213–1230. [CrossRef]

18. Moore, G.W.; Watts, D.A.; Goolsby, J.A. Ecophysiological Responses of Giant Reed (Arundo donax) to Herbivory. Invasive Plant Sci.
Manag. 2010, 3, 521–529. [CrossRef]

19. Oakins, A.J. An Assessment and Management Protocol for Arundo donax in the Salinas Valley Watershed. Bachelor’s Thesis,
California State University, Long Beach, CA, USA, 2001.

20. Goolsby, J.A.; Vacek, A.T.; Salinas, C.; Racelis, A.; Moran, P.J.; Kirk, A.A. Host Range of the European Leaf Sheath Mining Midge,
Lasioptera donacis Coutin (Diptera: Cecidomyiidae), a Biological Control of Giant Reed, Arundo donax L. Biocontrol Sci. Technol.
2017, 27, 781–795. [CrossRef]

21. Thomas, D.B.; Goolsby, J.A. Morphology of the Preimaginal Stages of Lasioptera donacis Coutin (Diptera: Cecidomyiidae), a
Candidate Biocontrol Agent for Giant Arundo Cane. Psyche 2015, 2015, 262678.

22. Marshall, M.; Goolsby, J.A.; Vacek, A.T.; Racelis, A. Biotic and Abiotic Factors Influencing Infestation Levels of the Arundo
Leafminer, Lasioptera donacis, in Its Native Range in Mediterranean Europe. Subtrop. Agric. Environ. 2018, 69, 8–18.

23. Bon, M.-C.; Guermache, F.; de Simone, D.; Cristofaro, M.; Vacek, A.; Goolsby, J. Insights into the Microbes and Nematodes Hosted
by Pupae of the Arundo Leaf Miner, Lasioptera donacis (Diptera: Cecidomyiidae). Fla. Entomol. 2018, 101, 505–507. [CrossRef]

24. Coutin, R. Une Nouvelle Cécidomyie Des Gaines Foliaires de La Canne de Provence, Lasioptera donacis n. sp.(Diptera, Cecidomyi-
idae). Bull. Société Entomol. Fr. 2001, 106, 105–108. [CrossRef]

25. Poinar, G.; Thomas, D.B. Tripius gyraloura n. Sp. (Aphelenchoidea: Sphaerulariidae) Parasitic in the Gall Midge Lasioptera donacis
Coutin (Diptera: Cecidomyiidae). Syst. Parasitol. 2014, 89, 247–252. [CrossRef]

26. Spencer, D.; Sher, A.; Thornby, D.; Liow, P.-S.; Ksander, G.; Tan, W. Non-Destructive Assessment of Arundo donax (Poaceae) Leaf
Quality. J. Freshw. Ecol. 2007, 22, 277–285. [CrossRef]

27. Layman, C.A.; Araujo, M.S.; Boucek, R.; Hammerschlag-Peyer, C.M.; Harrison, E.; Jud, Z.R.; Matich, P.; Rosenblatt, A.E.; Vaudo,
J.J.; Yeager, L.A.; et al. Applying Stable Isotopes to Examine Food-Web Structure: An Overview of Analytical Tools. Biol. Rev.
2012, 87, 545–562. [CrossRef]

28. Michener, R.H.; Lajtha, K. Stable Isotopes in Ecology and Environmental Science, 2nd ed.; Ecological Methods and Concepts Series;
Blackwell Pub: Malden, MA, USA, 2007; ISBN 978-1-4051-2680-9.

http://doi.org/10.1016/j.ecolecon.2004.10.002
http://doi.org/10.1146/annurev.ecolsys.32.081501.114037
http://doi.org/10.3897/natureconservation.24.20607
http://doi.org/10.1016/S0169-5347(02)02499-0
http://doi.org/10.1111/j.1365-2486.2011.02636.x
http://doi.org/10.1002/ecy.1701
http://doi.org/10.1080/07352680590961649
http://doi.org/10.1080/09583157.2013.822848
http://doi.org/10.1614/IPSM-D-10-00007.1
http://doi.org/10.1080/09583157.2017.1342222
http://doi.org/10.1653/024.101.0309
http://doi.org/10.3406/bsef.2001.16737
http://doi.org/10.1007/s11230-014-9524-1
http://doi.org/10.1080/02705060.2007.9665049
http://doi.org/10.1111/j.1469-185X.2011.00208.x


Biology 2022, 11, 1805 12 of 12

29. Peterson, B.J.; Fry, B. Stable Isotopes in Ecosystem Studies. Annu. Rev. Ecol. Syst. 1987, 18, 293–320. [CrossRef]
30. Post, D.M. Using Stable Isotopes to Estimate Trophic Position: Models, Methods, and Assumptions. Ecology 2002, 83, 703–718.

[CrossRef]
31. Bearhop, S.; Adams, C.E.; Waldron, S.; Fuller, R.A.; Macleod, H. Determining Trophic Niche Width: A Novel Approach Using

Stable Isotope Analysis: Stable Isotopes as Measures of Niche Width. J. Anim. Ecol. 2004, 73, 1007–1012. [CrossRef]
32. Newsome, S.D.; Martinez del Rio, C.; Bearhop, S.; Phillips, D.L. A Niche for Isotopic Ecology. Front. Ecol. Environ. 2007, 5,

429–436. [CrossRef]
33. Madeira, F.; di Lascio, A.; Costantini, M.L.; Rossi, L.; Rösch, V.; Pons, X. Intercrop Movement of Heteropteran Predators between

Alfalfa and Maize Examined by Stable Isotope Analysis. J. Pest Sci. 2019, 92, 757–767. [CrossRef]
34. di Lascio, A.; Madeira, F.; Costantini, M.L.; Rossi, L.; Pons, X. Movement of Three Aphidophagous Ladybird Species between

Alfalfa and Maize Revealed by Carbon and Nitrogen Stable Isotope Analysis. BioControl 2016, 61, 35–46. [CrossRef]
35. Stock, B.C.; Jackson, A.L.; Ward, E.J.; Parnell, A.C.; Phillips, D.L.; Semmens, B.X. Analyzing Mixing Systems Using a New

Generation of Bayesian Tracer Mixing Models. PeerJ 2018, 6, e5096. [CrossRef]
36. Sporta Caputi, S.; Rossi, L.; Pons, X.; Careddu, G.; Calizza, E.; Costantini, M.L. Trophic Attractiveness for Soil Fauna of Residues

of Bt and Near-Isogenic Maize: A C and N Stable Isotope-Based Study. Agric. Ecosyst. Environ. 2022, 329, 107868. [CrossRef]
37. Carneiro, M.A.A.; Branco, C.S.; Braga, C.E.; Almada, E.D.; Costa, M.; Maia, V.C.; Fernandes, G.W. Are Gall Midge Species (Diptera,

Cecidomyiidae) Host-Plant Specialists? Rev. Bras. Entomol. 2009, 53, 365–378. [CrossRef]
38. Gagné, R.; Jaschhof, M. A Catalog of the Cecidomyiidae (Diptera) of the World. 813p. Available online: https://www.ars.usda.

gov/ARSUserFiles/12754100/gagne_2010_world_catalog_cecidomyiidae.pdf (accessed on 18 June 2021).
39. Borkent, A.; Bissett, J. Gall Midges (Diptera: Cecidomyiidae) Are Vectors for Their Fungal Symbionts. Symbiosis 1985, 1, 185–194.
40. Rohfritsch, O. A fungus associated gall midge, Lasioptera arundinis (Schiner), on Phragmites australis (Cav.) Trin. Bull. Société Bot.

Fr. Lett. Bot. 1992, 139, 45–59. [CrossRef]
41. Costantini, M.L.; Calizza, E.; Rossi, L. Stable Isotope Variation during Fungal Colonisation of Leaf Detritus in Aquatic Environ-

ments. Fungal Ecol. 2014, 11, 154–163. [CrossRef]
42. Ponsard, S.; Arditi, R. Detecting Omnivory with ∆15N. Trends Ecol. Evol. 2001, 16, 20–21. [CrossRef]
43. McCutchan, J.H., Jr.; Lewis, W.M., Jr.; Kendall, C.; McGrath, C.C. Variation in Trophic Shift for Stable Isotope Ratios of Carbon,

Nitrogen, and Sulfur. Oikos 2003, 102, 378–390. [CrossRef]
44. Felton, G.W. Nutritive Quality of Plant Protein: Sources of Variation and Insect Herbivore Responses. Arch. Insect Biochem. Physiol.

Publ. Collab. Entomol. Soc. Am. 1996, 32, 107–130. [CrossRef]
45. Simpson, S.J.; Clissold, F.J.; Lihoreau, M.; Ponton, F.; Wilder, S.M.; Raubenheimer, D. Recent Advances in the Integrative Nutrition

of Arthropods. Annu. Rev. Entomol. 2015, 60, 293–311. [CrossRef]
46. Simpson, S.J.; Raubenheimer, D. The Nature of Nutrition: A Unifying Framework. Aust. J. Zool. 2011, 59, 350. [CrossRef]
47. Neto, C.P.; Seca, A.; Nunes, A.M.; Coimbra, M.A.; Domingues, F.; Evtuguin, D.; Silvestre, A.; Cavaleiro, J.A.S. Variations in

Chemical Composition and Structure of Macromolecular Components in Different Morphological Regions and Maturity Stages
of Arundo donax. Ind. Crops Prod. 1997, 6, 51–58. [CrossRef]

48. Al-Snafi, A.E. The Constituents and Biological Effects of Arundo donax-A Review. Int. J. Phytopharm. Res. 2015, 6, 34–40.
49. Moran, P.J.; Goolsby, J.A. Effect of Nitrogen Fertilization on Growth of Arundo donax and on Rearing of a Biological Control Agent,

the Shoot Gall-Forming Wasp Tetramesa romana. Biocontrol Sci. Technol. 2014, 24, 503–517. [CrossRef]
50. Spencer, D.F.; Ksander, G.G.; Whitehand, L.C. Spatial and Temporal Variation in RGR and Leaf Quality of a Clonal Riparian Plant:

Arundo donax. Aquat. Bot. 2005, 81, 27–36. [CrossRef]
51. Calizza, E.; Favero, F.; Rossi, D.; Careddu, G.; Fiorentino, F.; Sporta Caputi, S.; Rossi, L.; Costantini, M.L. Isotopic Biomonitoring

of N Pollution in Rivers Embedded in Complex Human Landscapes. Sci. Total Environ. 2020, 706, 136081. [CrossRef] [PubMed]
52. Paredes, I.; Ramírez, F.; Forero, M.G.; Green, A.J. Stable Isotopes in Helophytes Reflect Anthropogenic Nitrogen Pollution in

Entry Streams at the Doñana World Heritage Site. Ecol. Indic. 2019, 97, 130–140. [CrossRef]
53. Calizza, E.; Costantini, M.L.; Rossi, D.; Pasquali, V.; Careddu, G.; Rossi, L. Stable Isotopes and Digital Elevation Models to Study

Nutrient Inputs in High-Arctic Lakes. Rend. Lincei 2016, 27, 191–199. [CrossRef]
54. Watts, D.A.; Moore, G.W. Water-Use Dynamics of an Invasive Reed, Arundo donax, from Leaf to Stand. Wetlands 2011, 31, 725–734.

[CrossRef]
55. Ebert, D.; Herre, E.A. The Evolution of Parasitic Diseases. Parasitol. Today 1996, 12, 96–101. [CrossRef]
56. Jensen, K.H.; Little, T.; Skorping, A.; Ebert, D. Empirical Support for Optimal Virulence in a Castrating Parasite. PLoS Biol. 2006, 4,

e197. [CrossRef]
57. Little, T.J.; Shuker, D.M.; Colegrave, N.; Day, T.; Graham, A.L. The Coevolution of Virulence: Tolerance in Perspective. PLoS

Pathog. 2010, 6, e1001006. [CrossRef]
58. Molnár, B.P.; Boddum, T.; Hill, S.R.; Hansson, B.S.; Hillbur, Y.; Birgersson, G. Ecological and Phylogenetic Relationships Shape the

Peripheral Olfactory Systems of Highly Specialized Gall Midges (Cecidomiiydae). Front. Physiol. 2018, 9, 323. [CrossRef]
59. Pyke, G.H.; Pulliam, H.R.; Charnov, E.L. Optimal Foraging: A Selective Review of Theory and Tests. Q. Rev. Biol. 1977, 52,

137–154. [CrossRef]
60. Zhang, D.; Jiang, Q.; Liang, D.; Huang, S.; Liao, J. The Potential Application of Giant Reed (Arundo donax) in Ecological

Remediation. Front. Environ. Sci. 2021, 9, 652367. [CrossRef]

http://doi.org/10.1146/annurev.es.18.110187.001453
http://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
http://doi.org/10.1111/j.0021-8790.2004.00861.x
http://doi.org/10.1890/1540-9295(2007)5[429:ANFIE]2.0.CO;2
http://doi.org/10.1007/s10340-018-1049-y
http://doi.org/10.1007/s10526-015-9697-9
http://doi.org/10.7717/peerj.5096
http://doi.org/10.1016/j.agee.2022.107868
http://doi.org/10.1590/S0085-56262009000300010
https://www.ars.usda.gov/ARSUserFiles/12754100/gagne_2010_world_catalog_cecidomyiidae.pdf
https://www.ars.usda.gov/ARSUserFiles/12754100/gagne_2010_world_catalog_cecidomyiidae.pdf
http://doi.org/10.1080/01811797.1992.10824942
http://doi.org/10.1016/j.funeco.2014.05.008
http://doi.org/10.1016/S0169-5347(00)02016-4
http://doi.org/10.1034/j.1600-0706.2003.12098.x
http://doi.org/10.1002/(SICI)1520-6327(1996)32:1&lt;107::AID-ARCH7&gt;3.0.CO;2-X
http://doi.org/10.1146/annurev-ento-010814-020917
http://doi.org/10.1071/ZO11068
http://doi.org/10.1016/S0926-6690(96)00205-1
http://doi.org/10.1080/09583157.2013.874008
http://doi.org/10.1016/j.aquabot.2004.11.001
http://doi.org/10.1016/j.scitotenv.2019.136081
http://www.ncbi.nlm.nih.gov/pubmed/31862596
http://doi.org/10.1016/j.ecolind.2018.10.009
http://doi.org/10.1007/s12210-016-0515-9
http://doi.org/10.1007/s13157-011-0188-1
http://doi.org/10.1016/0169-4758(96)80668-5
http://doi.org/10.1371/journal.pbio.0040197
http://doi.org/10.1371/journal.ppat.1001006
http://doi.org/10.3389/fphys.2018.00323
http://doi.org/10.1086/409852
http://doi.org/10.3389/fenvs.2021.652367

	Introduction 
	Materials and Methods 
	Lasioptera donacis Life Cycle 
	Sampling and Stable Isotope Analysis 
	Data Analysis 

	Results 
	Isotopic Signatures of Reeds, Fungus and Gall Midge Larvae 
	Diet of Gall Midge Larvae: Influence of Reed Quality and Parasitism by T. gyraloura 

	Discussion 
	Conclusions 
	References

