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Abstract 
Noctuidae belong to one of the largest families of night-flying Lepidoptera. However, despite being among the most common 
nocturnal flower-visitors, they have seldom been included in pollination networks. Similarly, the current knowledge on food 
plants used by adults is rather scarce. In this article, we build the first moth–plant pollen transfer network in the Balearic 
archipelago. We aim to increase the knowledge of which plants are used as food resources by adult Noctuidae, assess how 
specific or generalist nocturnal pollinators and their food plants are and establish the first baseline information on adult Noc-
tuidae–plant interactions on the archipelago and the Mediterranean. 20.7% of the adult Noctuidae in our samplings carried 
pollen and were therefore potentially involved in nocturnal pollination. The family Ericaceae, and especially Arbutus unedo, 
was a key food resource for our moth community, with 46% of the total recorded interactions belonging to this plant. Overall, 
both plants and moths in our system behaved in a generalist way. Niche overlap was larger in moths than in plants, suggesting 
that the functional role that moth species take in our system is more redundant than that taken by plants. Robustness values 
suggest that the network functionality would not collapse despite the extinction of a few species.
Implications for insect conservation  Detecting flower preferences and the role of nocturnal insects on pollination will allow 
understanding of ecosystem functionality and will be crucial for conservation of both moths and organisms that depend on 
them.
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Introduction

Animal-mediated pollination is an essential process in all 
ecosystems in which plants depend on animal pollen transfer 
to reproduce (González-Varo et al. 2013). Pollinators play, 
therefore, a critical role for biodiversity maintenance and 
ecosystem functioning whilst at the same time providing an 
important ecosystem service for the production of many food 
crops (Ollerton et al. 2011). Among all pollinators, insects 

are central to pollination, representing the vast majority of 
animal–plant interactions (Ollerton et al. 2011). However, 
despite bees and bumblebees having been well documented 
as effective pollinators, other flower visitors such as flies, 
beetles, butterflies and moths appear to have been over-
looked in comparison (Rader et al. 2016).

The majority of Lepidoptera visit flowers in order to 
take profit from their nectar (Krenn 2010). This insect 
order is very diverse, with approximately 165,000 spe-
cies (Kristensen et al. 2007; Regier et al. 2009), which 
is estimated to be close to 10% of insect species world-
wide (Willmer 2011). However, research regarding plant-
Lepidoptera interactions has mostly focused on butter-
flies, despite moths representing approximately 90% of 
Lepidoptera species (Ricketts et al. 2001). Consequently, 
research has mainly considered diurnal pollination net-
works and has neglected nocturnal pollination until rather 
recently. Nevertheless, nocturnal pollination research does 
exist, albeit still fragmentary and unevenly across moth 
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and other insect and non-insect taxa. For instance, whilst 
extensive research has been done in tropical areas with 
nocturnal bees (e.g. Cordeiro et al. 2017) and bats (e.g. 
Bumrungsri et  al. 2008), these matters have been less 
intensively studied in temperate zones of the Old World, 
mainly involving moths (e.g. Banza et al. 2015) and flies 
(e.g. Orford et al. 2015), among others. See Macgregor and 
Scott-Brown, (2020) for a general world-wide synthesis.

Moths have been shown to be of general importance to 
pollination in a variety of ecosystems across all continents 
except Antarctica (Macgregor et al. 2015). In fact, some 
moths have been proven capable of carrying pollen further 
than other insects, providing genetic benefits to plant popula-
tions (i.e. greater interpopulation gene flow) (Herrera 1987; 
Macgregor et al. 2015, 2019). Nevertheless, there are still 
considerable knowledge gaps about their role as pollinators 
(Hahn and Brühl 2016; Van Zandt et al. 2020), and they have 
seldom been included in pollination networks until recently 
(Banza et al. 2015; Devoto et al. 2011; Macgregor and Scott-
Brown (2020; Walton et al. 2020). Within this insect group, 
Noctuidae are among the largest families of night-flying 
Lepidoptera (Mitter et al. 1993) and, together with Sphingi-
dae, are among the most common nocturnal flower-visitors 
(Hahn and Brühl 2016; Macgregor et al. 2015; Winfree et al. 
2011).

Most nocturnal pollination interactions can be attributed 
to Noctuidae species (Hahn and Brühl 2016). Therefore, 
given the importance of this family, we decided to focus on 
this group. We analysed the structure of a nocturnal plant-
visitor network on Mallorca, the major island of the Balearic 
archipelago (Western Mediterranean), using pollen-based 
methods through traditional light microscopy. With this 
method, we expected to (1) increase the knowledge of which 
plants are used as feeding resources by adult Noctuidae, (2) 
assess how specific or generalist nocturnal pollinators and 
their food plants were in terms of interactions and (3) estab-
lish the first baseline information on adult Noctuidae–plant 
interactions on the Balearic archipelago, this being the first 
article addressing such relationships in the Mediterranean 
basin. To fully understand how pollination works in a given 
ecosystem, interactions that occur in the dark should not be 
disregarded. Moreover, as terrestrial ecosystems are under-
going several threats that could lead to an important decline 
of both animal and plant biodiversity, spatial range shifts or 
changes in activity and phenology, crucial changes in plant-
pollinator interactions will probably occur (Gill et al. 2016; 
Biesmeijer et al. 2006; Potts et al. 2010; Macgregor et al. 
2015). In the face of this situation, it is imperative to under-
stand the functional role that nocturnal insects play as pol-
linators, and to see whether such roles will be functionally 
replaced by other pollinator species that manage to adapt or 
arrive with climate change. Understanding how animals and 
plants interact, for instance, building ecological networks 

and studying how they are structured, is among the most 
important aims of ecological research (Banza et al. 2015).

Material and methods

Study sites and moth sampling

Located in the Western Mediterranean (Fig.  1A), the 
Balearic Islands (39° 37′ 00″ N, 2° 59′ 00″ E) are subject to 
a climate characterized by rain seasonality and its inconsist-
ency, with relatively mild winters and very warm dry sum-
mers (Garau and Gelabert 2009). Despite being considered 
a biodiversity hotspot, no comprehensive work on the moth 
diversity of the Balearic Islands has been published so far. 
However, all data gathered until now suggest an approximate 
minimum number of 214 Noctuidae species in the Balearic 
Islands (M. R. Honey pers. comm.).

Moth catching took place in the south-east of Mallorca, 
the largest island of the Balearic archipelago (Fig. 1B). In 
order to obtain a more complete view on moth–plant interac-
tions on the island, samplings were carried out in two differ-
ent sites similar in terms of vegetation composition but dif-
ferent in elevation: the Natural Park of Mondragó (Santanyí, 
39° 21′ 22.8″ N, 3° 11′ 24.9″ E, 23 m.a.s.l.) and the Puig 
de Sant Salvador (Felanitx, 39° 27′ 21.1″ N, 3° 11′ 10.6″ E, 
467 m.a.s.l.). These sites are within moth flying-distance 
(ca. 10 km) and therefore cannot be considered independ-
ent (Betzholtz and Franzen 2011). Different elevation and 
cooler temperatures associated with increasing altitude may 
affect both plant and Lepidoptera phenology and distribution 
(Bell et al. 2019). Therefore, increasing our sampling area 
through the inclusion of both sites provides us with a broader 
range of opportunities to detect plant-moth interactions that 
could otherwise have been overlooked. Both locations are 
dominated by a tree cover of Quercus and Pinus species 
(mainly Quercus ilex L. and Pinus halepensis Mill.), a shrub 
cover of representative Mediterranean species (e.g. Arbutus 
unedo L. 1753, Erica multiflora L. 1753, Cistus spp., etc.) 
and crop fields in the near surroundings (Leiva and Moris 
2001; Siquier i Vigrós and Salom 2003).

Moth sampling was restricted to species exclusively 
belonging to the family Noctuidae sensu lato. Samplings 
were conducted using a Robinson light trap (125 W). The 
trap was placed on top of a white blanket so moths close to 
the light source but not inside the trap would be visible. In 
order to avoid damaging the specimens that were attracted 
to the light, several egg boxes were put inside the light trap 
(Jonason et al. 2014). Some egg boxes were also placed on 
top of the white blanket (Fig. 1C). In the end of each survey, 
all moths inside the trap and on the blanket were collected. 
The trap was always placed in the vicinity of buildings for 
power source, yet our study areas were rather far from urban 
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areas. The trap was set before sunset and collected right 
after sunrise. Sampling time per night naturally fluctuated 
depending on night-time length at different times of the year. 
Two samplings per month and site were carried out as a 
representative snapshot of three different seasons: autumn 
(in November 2017), winter (in January 2018) and spring (in 
April 2018). Both sites were sampled in consecutive days 
and revisited every second week within each month. Moths 
were identified to the lowest possible taxonomic level [using 
Bachelard (2008) and Waring and Townsend (2017)] and 
were stored individually frozen for future examination.

Examination of pollen attached to moths

All moths collected throughout the three sampling seasons 
were inspected for pollen presence. Pollen attached to these 
moths was examined under a stereo microscope (Leica 
ZOOM 200, magnification 10.5×–45×). This examination 
was restricted to the moths’ proboscis (Fig. 2A, B) since it 
is usually kept coiled when resting and uncurled when feed-
ing (Krenn 1990; Davies and Butler 2008). This prevents 
possible cross-contamination when moths that have fallen 

together into the light trap overnight are in potential contact 
with each other (Macgregor et al. 2017). Moreover, to fur-
ther reduce this risk, only those individuals with more than 
five attached pollen grains were considered as flower visi-
tors (as suggested by Devoto et al. (2011)). Once all moths 
that carried pollen were selected, they were pooled and a 
representative random subset was selected for analyses (see 
Supplementary Material 1), due to budget and time limita-
tions. All moths with attached orchid pollinia were included 
in the network.

Pollen preparation and identification

Pollen analysis was performed using traditional microscopy 
techniques, following the protocol of Soldevilla et al. (2007). 
We collected pollen grains with a dissecting needle and 
individually transferred them to microscope slides. A small 
amount of fuchsin glycerine jelly was placed above the pol-
len sample and was later covered with a coverslip (Fig. 2C). 
In order to distribute the glycerine jelly uniformly and make 
the preparation permanent, the medium was melted under 
low heat and then sealed with transparent nail polish. A total 

Fig. 1   A Location of our study region (island of Mallorca) within the Mediterranean Sea. B Location of our study sites within the island of Mal-
lorca. C Overview of the light-trap setup used for this study
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of 100 pollen slides were prepared and checked for pollen 
identification. Microscope slides were observed and iden-
tified with light microscopy at 1000 × magnification with 
an Olympus microscope (model BX41). Different literature 
was consulted (Valdés et al. 1987; Reille 1992, 1995, 1998; 
Hesse et al. 2009) for pollen identification. Due to the intrin-
sic difficulty of identifying plant pollen morphologically 
(Richardson et al. 2015), some pollen samples were only 
identified at genus, family level or at pollen morphological-
group. These categories were the ones used in the plant-
moth network analyses.

Plant‑moth network analyses

Bipartite plots were built with the ‘bipartite’ R package 
(Dormann et al. 2008) in R 4.1.1 (R Core Team 2021). Net-
work metrics were calculated with the same package, both 
at node level (i.e. at species level for both plants and pollina-
tors) and at the network scale.

At the full network level, the following metrics were cal-
culated: mean number of species, mean number of links, 

mean number of shared partners, partner diversity (using 
Shannon’s index), niche overlap (for both plants and moths), 
extinction slope (for both plants and moths), robustness (for 
both plants and moths), connectance, weighted connectance, 
web asymmetry, network specialisation ( H�

2
 ) and linkage 

density (i.e. network complexity). The following metrics 
were calculated at the node level: degree, species strength, 
interaction asymmetry strength (i.e. “species push–pull” 
in Dormann et al. (2008), calculated as in Vázquez et al. 
(2007)) and species specificity. Details on the equations 
and calculations of species-level metrics can be found in 
Dormann (2011), and those involving the full network in 
Dormann et al. (2009).

Results

In total, moths were sampled during 150 h and 13 min; with 
the longest nights in January 2018 (ca. 14–15 h) and the 
shortest nights in April 2018 (ca. 10–11 h). In total, 952 
moths were collected, corresponding to 46 species. Of all 

Fig. 2   A Coiled proboscis of a moth with pollen attached to it. B Pollinium of Anacamptis pyramidalis attached to the proboscis of Heliothis 
peltigera. C Microscopic slide preparation of Arbutus unedo pollen after fuchsine tinction
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the specimens collected, 20.7% had at least 5 pollen grains 
attached to their proboscis. This involved 23 out of these 46 
species carrying pollen. Only the pollen within a subset of 
these moths was identified (see Supplementary Material 1). 
Sixteen different plant families were identified. After tak-
ing into consideration all the interactions inferred from the 
pollen identification, 23 moth and 27 plant taxa remained in 
three different network compartments (Fig. 3). For a com-
plete record of which moth species interacted with which 
plant species refer to Supplementary Material 2.

Not all plants could be identified to species level 
through pollen morphology examination due to the intrin-
sic limitations of such a method (Richardson et al. 2015), 

and therefore some were left at genus or family level. In 
some cases, pollen was classified in “types” according 
to morphology (e.g. Asteraceae Bellis-like or Fabaceae 
Genista-like, referring to the pollen morphological 
group). There were two Ericaceae records that could not 
be identified to the species level, but based on the local 
flora, they should belong to either Erica multiflora or 
Arbutus unedo. However, such pollen samples did not 
allow the separation between these two taxa. As it would 
be inconvenient to add them to the network as Ericaceae 
(i.e. creating a new species independent from Arbutus 
unedo and Erica multiflora), these records were omitted 
from the analyses. We expect this not to have a big effect 

Fig. 3   Visualisation of the adjacency matrix of the moth–plant inter-
actions recorded in this study. The darker a cell is represented; the 
more interactions have been recorded. The number of interactions can 

be found in the numbers within each cell. White cells with no number 
represent no interactions. Three compartments can be seen in the net-
work (interactions within each bold frame)
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on our analyses, since the moths carrying such pollen also 
visited Arbutus unedo.

The moths Agrotis segetum (Denis & Schiffermüller, 
1775) and Agrotis trux (Hübner, 1824) were considered 
a complex of species since specimens from these species 
were too damaged to tell apart from each other. Hence, 
hereby they are referred as Agrotis segetum-trux.

Among the moths included in the network, Xylocampa 
areola (Esper, 1789) and Agrotis ipsilon (Hufnagel, 1766) 
were the most common catches transporting pollen (51 
and 57 individuals, respectively). Among the plants, 
Arbutus unedo was by far the most recorded species 
(found in 69 pollen samples out of 150).

Metrics at the network level

The weighed mean number of links was 9.80 per plant 
taxa and 7.84 per moth species, with 0.70 and 0.88 of 
mean shared partners for plants and moths respectively. 
When taking into account partner diversity through the 
mean Shannon diversity index of the number of interac-
tions for the species of each level (i.e. plants and moths), 
diversity diverged only slightly between both levels (1.61 
for plants and 1.43 for moths). The web asymmetry index 
scored − 0.08, since there are more plant taxa than moth 
species in our network. Connectance (realised proportion 
of possible links) was 0.14 when considering our network 
binary, and 0.11 when weighting the interactions by their 
frequency. Linkage density (i.e. network complexity) was 
5.41.

Despite some moth species visiting only one or a 
few plant taxa in our network [e.g. Aporophyla nigra 
(Haworth, 1809) and Peridroma saucia (Hübner, 1808) 
only visiting Arbutus unedo or Anacamptis pyramidalis 
(L.) Rich. (1817) only being visited by Heliothis peltigera 
(Denis & Schiffermüller, 1775)], network specialisation 
(understood as H�

2
 ) was 0.21, pointing out that the com-

ponents in our network were not behaving in a specialised 
way and that the overall nature of the interactions was 
rather generalist at the network level.

When it comes to the similarity in the interaction pat-
terns between species, moths had a higher niche overlap 
(0.34) than plants (0.20). These values reach 1 when niche 
overlap is absolute, and 0 when species do not share their 
ecological niche. Extinction slope was slightly higher for 
moths (2.27) than for plants (2.16), despite robustness 
to such extinction slopes being similar for both moths 
and plants (moths = 0.69; plants = 0.68). Robustness at 
each level is calculated based on the extinction slope at 
the opposite level. See these values compared to those 
obtained in other research in Table 2.

Metrics at the species level

Species relevance across all their partners was quantified 
as the sum of dependencies of each species. Within plants, 
the most relevant species was Arbutus unedo, with a “spe-
cies strength” score of 10.07, followed by Erica multiflora 
and Genista-like Fabaceae (see Table 1A). Within moths, 
Xylocampa areola had the highest score, followed by Agrotis 
ipsilon and Heliothis peltigera (see Table 1B).

When quantifying the mismatch between a focal species’ 
effect on its interaction partners and their reciprocal effect 
on the focal species, only Arbutus unedo, Erica multiflora 
and Genista-like taxa were strongly affecting the moth com-
munity by being very generalist, according to the formula of 
Vázquez et al. (2007). Melia sp. and Sonchus sp. obtained a 
neutral score (i.e. a 0), since they were only interacting with 
one species. Values close or equal to 0 reflect little to no 
interaction asymmetry strength. The rest of the plant taxa 
obtained a negative score, meaning that they interacted with 
fewer moths and therefore were more specific than Arbutus 
unedo, Erica multiflora and Genista-like taxa (Table 1A). 
Regarding moths, the ones that affected the plant commu-
nity the most through their interactions were: Xylocampa 
areola, Tyta luctuosa (Denis & Schiffermüller, 1775), Helio-
this peltigera, Spodoptera exigua (Hübner, 1808), Agrotis 
ipsilon, Agrochola lychnidis (Denis & Schiffermüller, 1775), 
Cerastis faceta (Treitschke, 1835), Ammopolia witzenmanni 
(Standfuss, 1890) and Noctua pronuba (Linnaeus, 1758). 
On the other hand, Autographa gamma (Linnaeus, 1758), 
Panolis flammea (Denis & Schiffermüller, 1775), Mythimna 
unipuncta (Haworth, 1809), Mniotype occidentalis Yela, 
Fibiger, Ronkay & Zilli, 2010, Agrotis segetum-trux, Heli-
coverpa armigera (Hübner, 1808), Trichoplusia ni (Hübner, 
1803), Aporophyla nigra, Peridroma saucia, Chrysodeixis 
chalcites (Esper, 1789), Mythimna languida (Walker, 1858) 
and Trigonophora flammea (Esper, 1785) were strongly 
affected by the plant level (i.e. Arbutus unedo, Erica mul-
tiflora and Genista-like taxa) more than they were affect-
ing the totality of plant taxa themselves, as their interac-
tions were more specific. This metric is highly correlated 
with species strength but quantifies net balance rather than 
the average effect (Dormann 2011). Find this metric on 
Table 1A and B.

To assess plant and moth specificity in our network, 
we computed the species specificity index for each plant 
and moth species. This value reaches 1 when the species 
is completely specific and 0 when it is generalist. The most 
specific moths with more than one interaction record in our 
dataset were Peridroma saucia and Aporophyla nigra, that 
only visited Arbutus unedo, followed by Mniotype occiden-
talis, that only visited Arbutus unedo and Erica multiflora 
(both Ericaceae). The most generalist moth species were 
Noctua pronuba and Heliothis peltigera, visiting 7 different 
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Table 1   Metrics calculated at 
the species level for the plant 
taxa (A) and moth species (B) 
within the network

A

Degree Species strength Interaction asym-
metry

Species 
specificity 
index

 Arbutus unedo 17 10.07 0.53 0.35
 Erica multiflora 6 2.62 0.27 0.38
 Genista-like 6 1.13 0.02 0.38
 Melia sp. 1 1.00 0.00 1.00
 Sonchus sp. 1 1.00 0.00 1.00
 Myrtaceae 5 0.52 − 0.10 0.47
 Vicia sp. 5 0.47 − 0.11 0.46
 Allium/Merendera 5 0.44 − 0.11 0.40
 Brassicaceae 4 0.54 − 0.12 0.46
 Prunus sp. 3 0.56 − 0.15 0.55
 Ranunculus sp. 3 0.55 − 0.15 0.64
 Asphodelus microcarpus 2 0.63 − 0.19 0.69
 Rhamnus sp. 3 0.43 − 0.19 0.59
 Arecaceae 2 0.61 − 0.19 0.69
 Lotus sp. 3 0.17 − 0.28 0.55
 Daphne sp. 2 0.37 − 0.32 0.69
 Liliaceae 2 0.30 − 0.35 0.69
 Bellis-like 2 0.23 − 0.39 0.69
 Rosaceae 2 0.18 − 0.41 0.69
 Asphodelus fistulosus 2 0.17 − 0.41 0.69
 Ceratonia siliqua 2 0.10 − 0.45 0.69
 Tamarix sp. 1 0.33 − 0.67 1.00
 Anacamptis pyramidalis 1 0.30 − 0.70 1.00
 Trifolium sp. 1 0.20 − 0.80 1.00
 Carthamus-like 1 0.03 − 0.97 1.00
 Lavandula stoechas 1 0.03 − 0.97 1.00
 Platanus orientalis 1 0.03 − 0.97 1.00

B

Degree Species strength Interaction asym-
metry

Species 
specificity 
index

 Xylocampa areola 11 5.51 0.41 0.59
 Tyta luctuosa 5 2.39 0.28 0.41
 Heliothis peltigera 7 2.89 0.27 0.39
 Spodoptera exigua 3 1.75 0.25 0.55
 Agrotis ipsilon 13 4.02 0.23 0.51
 Agrochola lychnidis 8 2.13 0.14 0.40
 Cerastis faceta 5 1.44 0.09 0.47
 Ammopolia witzenmanni 6 1.38 0.06 0.48
 Noctua pronuba 7 1.29 0.04 0.33
 Acontia lucida 1 1.00 0.00 1.00
 Metopoceras felicina 1 1.00 0.00 1.00
 Autographa gamma 2 0.51 − 0.24 0.69
 Panolis flammea 2 0.51 − 0.24 0.69
 Mythimna unipuncta 2 0.35 − 0.33 0.69
 Mniotype occidentalis 2 0.17 − 0.41 0.73
 Agrotis segetum-trux 2 0.16 − 0.42 0.69
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plant taxa each. The moth that interacted with most plant 
taxa (13 taxa) was Agrotis ipsilon, however, since more than 
50% of its interactions were with Arbutus unedo, its spe-
cies specificity index is lower than in the previous species 
(Table 1B). When it comes to plants, the most specific spe-
cies was Anacamptis pyramidalis (receiving only visits from 
Heliothis peltigera). The most generalist species was, by far, 
Arbutus unedo, which was visited by almost all the moths in 
our dataset (Table 1A; Fig. 4).

Discussion

Most moths [except for the Micropterygidae; Heppner 
(2008)] mainly feed on flower nectar to get energy and do 
not make use of pollen or manipulate it actively as other pol-
linators do (e.g. bees and bumblebees). Despite this, moths 
have been shown to be important pollinators for a wide range 
of flowering plant species, since pollen attaches to their bod-
ies while feeding and may subsequently be transferred to 
other flowers (Macgregor et al. 2015). In our study, 20.7% 
of our catch had a significant amount of pollen attached to 
their proboscides. This is a rather low percentage when com-
pared to Banza et al. (2015), who observed that 38% of their 
moths had attached more than five pollen grains. In another 
study, Banza et al. (2019) showed that 27.9% of their moths 
across all families transported at least five grains of pollen. 
Similarly, Walton et al. (2020) found that 23.21% of their 
moths carried ≥ 5 pollen grains, and showed the Noctuidae 
as dominant pollen-carriers. On the other hand, other pol-
len transport research has also manifested lower percentages 
of pollen attached to moths’ bodies. Devoto et al. (2011) 

found that in Scottish pinewoods only 3% of moths belong-
ing to Noctuidae and Geometridae families carried ≥ 5 pol-
len grains in 2007. A year later, this percentage increased 
up to 10% in the same location, pollen transport again being 
dominated by Noctuidae moths. Our results are closer to 
those observed by Macgregor et al. (2017), who found that 
22.2% of their moths sampled by light traps carried pollen. 
As mentioned earlier, our research was done specifically on 
Noctuidae, and with a subset of all catch, so results can only 
be compared cautiously with those obtained by other studies 
including other families and bigger sample sizes (Table 2). 
Plus, studies in different ecosystems (i.e. different vegetation 
composition) or phenological stages may yield different pol-
len-transport results. Notwithstanding, across the literature 
available until now (e.g. Devoto et al. 2011; Hahn and Brühl 
2016; Walton et al. 2020), Noctuidae have been shown to be 
dominant pollen-carriers over other moth families. There-
fore, the approach of our research offers a deeper perspective 
of the ecology of this family. Understanding flower prefer-
ences and the role of this family and other nocturnal insects 
on pollination is paramount to fully understand ecosystem 
functionality and crucial for conservation of both moths and 
organisms that might depend on them.

Moths have been reported nectaring on a wide array of 
plant families such as Adoxaceae (Macgregor et al. 2019), 
Apiaceae (Macgregor et  al. 2017; Walton et  al. 2020), 
Asteraceae (Macgregor et al. 2019; Devoto et al. 2011), 
Boraginaceae (Banza et al. 2015), Ericaceae (Devoto et al. 
2011), Fabaceae (Walton et al. 2020), Lamiaceae (Walton 
et al. 2020; Macgregor et al. 2017), Malvaceae (Macgregor 
et al. 2017), Primulaceae (Banza et al. 2015), Rosaceae 
(Walton et  al. 2020; Macgregor et  al. 2017, 2019) and 

Degree corresponds to the number of interactions with species in the opposite level. Species strength evalu-
ates the relevance of each species in the network, with higher values for more relevant species. Interaction 
asymmetry [“species push–pull” in Dormann et al. (2008)] corresponds to the mismatch between a focal 
species’ effect on its interaction partners and the reciprocal effect of the interaction partners on the focal 
species. Values can range from − 1 to 1 (showing highly asymmetric effects either towards opposite level 
or towards the same species level, respectively). Values equal to 0 depict no interaction asymmetry. Species 
specificity index evaluates the degree of specificity of each species within the network taking into account 
the diversity of its interactions. This value reaches 1 when the species is completely specific and 0 when it 
is absolutely generalist

Table 1   (continued) B

Degree Species strength Interaction asym-
metry

Species 
specificity 
index

 Helicoverpa armigera 1 0.14 − 0.86 1.00
 Trichoplusia ni 1 0.14 − 0.86 1.00
 Aporophyla nigra 1 0.10 − 0.90 1.00
 Peridroma saucia 1 0.06 − 0.94 1.00
 Chrysodeixis chalcites 1 0.01 − 0.99 1.00
 Mythimna languida 1 0.01 − 0.99 1.00
 Trigonophora flammea 1 0.01 − 0.99 1.00
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Fig. 4   Nocturnal pollen-transport network involving all plant (top) 
and moth (bottom) taxa recorded in this study. The network is 
weighted so that broader interaction lines represent interactions that 

were recorded more frequently. Arbutus unedo interactions are high-
lighted (light green) as the most relevant and generalist species

Table 2   Summary of the metrics calculated at the full network level from pollen-transport networks involving moths in Europe

*Does refer to morphotypes instead of identified species

Metric This publication Walton et al. (2020) Banza et al. (2019) Banza et al. (2015) Devoto et al. (2011)

Method Pollen ID Pollen ID Pollen ID Pollen ID Pollen ID
Country Spain UK Portugal Portugal UK
Pollen % on moths (> 5 grains) 20.7 23.2 27.9 38 3% in 2007, 10% in 2008
Number of moth species 23 103 186* 58 25
Number of plant species 27 47 52* 27 12
Links per species 1.68 2.040 1.04 (moths)

3.00 (plants)
1.64 1.21

Linkage density 5.41 12.922 2.38
H

�

2
0.21 0.286 0.79 0.38

Connectance 0.11 0.063
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Scrophulariaceae (Macgregor et al. 2017, 2019), among oth-
ers. In the present study, Noctuidae moths interacted with 
16 plant families (see Supplementary Material 2). Ericaceae 
was the most visited family with almost half (46%) of the 
moth–plant interactions recorded involving Arbutus unedo. 
This ericaceous shrub is widely distributed in the Mediter-
ranean Basin and commonly used as a nectar resource by a 
range of pollinators (Soro and Paxton 1999); importantly, its 
flowers remain open at night, enabling access by night-flying 
insects. In our network, all moth species but two visited this 
plant, which shows the importance of such a floral resource 
for Noctuidae moths in our study area. Similarly, Devoto 
et al. (2011) found that Calluna vulgaris (L.) Hull 1808 and 
Erica cinerea/tetralix were commonly visited by moths at 
night. Regardless of the similarity between those two species 
and Erica multiflora, which is very abundant in our sampling 
area, our results have shown no dominance of this species 
in the network (i.e. 4.67% of all the interactions). How-
ever, both our results and those from Devoto et al. (2011) 
underline the importance of the Ericaceae family as a food 
resource and for the conservation of adult moths within and 
outside the Noctuidae family. In fact, both generalist and 
specific moth species in our network interacted with Arbutus 
unedo (Fig. 4), ultimately giving Arbutus the highest species 
strength score of the network (i.e. the most relevant spe-
cies) and the lowest species specificity index (i.e. the most 
generalist species of the network) (Table 1A). The domi-
nance of Arbutus, visited by almost all moths in our net-
work, makes the moth niche overlap score nearly 0.6 times 
as high as that of plants, suggesting that plant species tend 
to hold more specialised interactions than moths. Therefore, 
the functional role that moth species take in our system is 
more redundant than that taken by plants, and the loss of one 
or a few species of pollinators to a perturbation will trigger 
fewer secondary extinctions at the plant level than the loss 
of plant species. Moreover, although the average number of 
links is higher for plants than for moths, plants have a lower 
and more diverse number of shared partners than moths. 
This manifests the asymmetry of the network and of its inter-
actions: more specialist plants are pollinated by generalist 
moths, whilst generalist plants are pollinated by a wide range 
of both generalist and more specialist moths. Robustness to 
such loss of species, nevertheless, was similar both at the 
plant and at the moth level (0.68 and 0.69, respectively). 
This is supported by the fact that the extinction slope is fairly 
similar for both moths and plants (2.16 for plants and 2.27 
for moths). These values suggest a rather robust network in 
which functionality will not collapse despite the extinction 
of a few species (i.e. the function of an extinct species can 
be assumed by another component of the network). This 
contrasts with robustness values obtained by Banza et al. 
(2015) in Portugal, the geographically closest place where 
pollen-transfer network research involving moths has been 

conducted. In their study, plants had a lower robustness 
value than moths, indicating that they were more prone to 
extinction after the disappearance of moth species than vice-
versa. Their network, though, was less complex that ours, 
according to the linkage density metric (Table 2).

Regarding the connection links between the plants and 
moths in our network, connectance resulted in a value of 
0.11 when considering the weight of the network’s interac-
tions. This is a rather low value, as was that one found by 
Walton et al. (2020) in a nocturnal network (see Table 2), 
or Beltrán and Traveset (2018) when studying bees in the 
same island. In fact, connectance values are usually low in 
pollination networks, since only a small number out of the 
total potential links actually occur (Vizentin-Bugoni et al. 
2018). Moreover, this metric is affected by network size and 
richness, since highly diverse communities usually hold less 
connected networks because interactions that do not exist 
between plants and pollinators increase (Beltrán and Trave-
set 2018; Vizentin-Bugoni et al. 2018).

A network specialisation index ( H�

2
 ) of 0.21 suggests that 

our network is dominated by generalist species. This value is 
lower (i.e. shows a less specific community) than that found 
by Banza et al. (2015) when assessing pollen-transportation 
by moths in Portugal, or that found by Beltrán and Traveset 
(2018) when studying bees on the same island, albeit it is 
similar to that found by Walton et al. (2020) and Devoto 
et al. (2011) (Table 2). Differences in this metric may be due 
to the fact that we restricted our analyses to a single moth 
family and used a reduced sample size, whilst others did not; 
or by the fact that networks built with different methods (e.g. 
through pollen identification or pollinator visitation census) 
might show different metric values. Indeed, de Manincor 
et al. (2020) showed that H�

2
 values were higher in visit-

based networks than in pollen-based networks. Moreover, in 
the case of networks involving bees (e.g. Beltrán and Trave-
set 2018), we need to keep in mind that pollen is actively 
collected by them to feed their larvae, and therefore they 
might have more metabolic restrictions than moths when 
choosing pollen sources.

Despite most moths and plants being considered gen-
eralist in our analyses (Table 1), there were some par-
ticular cases in which elements of our network interacted 
with only one taxon of the opposite level. For instance, 
the only plant species in our network that did not receive 
visits from at least two moth species was Anacamptis 
pyramidalis, which was only visited by Heliothis pelti-
gera [as previously also recorded by Vallius et al. (2013) 
in Ireland]. However, literature also reports pollinia from 
this orchid on other Noctuidae such as Cucullia caninae 
Rambur, 1833 and Tyta luctuosa (Barile et al. 2006; Val-
lius et al. 2013). Of these, T. luctuosa was recorded in our 
network, but no pollinia from A. pyramidalis was found 
attached to its proboscis or elsewhere. Although all moths 
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with attached orchid pollinia found in our surveys were 
included in the network analyses, perhaps a more extensive 
surveying effort would have yielded more interactions for 
A. pyramidalis. Similarly, all moth species with more than 
one recorded interaction visited at least two plant taxa with 
the exception of Peridroma saucia and Aporophyla nigra, 
that only visited Arbutus unedo. Nevertheless, A. nigra has 
also been found carrying pollen of Stachys species in the 
UK (Walton et al. 2020), a plant that is also present in our 
study area. Regardless of these interactions appearing spe-
cific in the ecological community context from which our 
network was built, it could be possible for such species to 
actually not be specific. Furthermore, bigger sample sizes 
would increase the chances of detecting new interactions. 
The absence of evidence is not the evidence of absence, 
and as research on food plants of adult Noctuidae is still 
scarce and fragmentary, we encourage further research to 
determine, in-depth, the use of floral resources by moths 
before jumping to conclusions which species might be spe-
cialists when adults.

Moreover, it should be taken into account that flower-
visitor networks and effective plant-pollinator interac-
tions are not the same (Pornon et al. 2016). Registering a 
flower visit (e.g. through pollen on an insect’s body) does 
not necessarily constitute an effective pollination event 
where pollen from an anther of a particular plant species 
is successfully transferred to stigmas of female flowers of 
the same species, ultimately producing seeds (King et al. 
2013). We are still far from an extensive knowledge of 
nocturnal pollination and to what extent night-flying pol-
linators contribute to plant reproduction. Therefore, there 
is a need to incorporate functionality measures indicating 
effective pollination into community studies and pollina-
tion networks (Pornon et al. 2016) to effectively assess 
potential conservation needs for both moths and plant 
species.

In conclusion, based on the interactions we were able to 
record, it seems that our nocturnal pollen-transfer network 
is mostly built by generalist moths and plants, which in turn 
make such a network robust to perturbations involving spe-
cies loss. Ericaceous shrubs (and especially Arbutus unedo) 
proved to be of high importance for the maintenance and 
conservation of the moth community, scoring as the most 
relevant plant species. We recommend researching more 
in-depth the relationship between adult moths (within and 
outside Noctuidae) and their food plants in the Mediterra-
nean, as it is considered one of the world's richest places in 
terms of plant and animal diversity (Cuttelod et al. 2009). 
Moreover, state-of-the-art methodological approaches such 
as pollen DNA barcoding could be used to increase identi-
fication accuracy (Chang et al. 2018; Pornon et al. 2017). 
Indeed, Macgregor et al. (2019) compared networks built 
identifying pollen through light microscopy and through 

DNA metabarcoding and showed that the latter approach 
detected more interactions per moth species. Once more 
interactions between adult moths and their food plants have 
been unveiled and their role in successful pollination has 
been assessed, new valuable opportunities for the effective 
conservation of both plants and moths will emerge.
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