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Contrasting floral visitor assemblages in Arum maculatum

Abstract

Geographical variation in abundance and composition of pollinator assemblages may result in
variable selection pressures among plant populations and drive plant diversification. However, there
is limited knowledge on whether differences in local visitor and pollinator assemblages are the result
of site-specific strategies of plants to interact with their pollinators and/or merely reflect the
pollinator availability at a given locality. To address this question, we compared locally available
insect communities obtained by light trapping with assemblages of floral visitors in populations of
Arum maculatum (Araceae) from north vs. south of the Alps. We further investigated whether and
how the abundance of different visitors affects female reproductive success, and examined the pollen
loads of abundant visitors. Local insect availability explained inter-regional differences in total
visitor abundance, but only partly the composition of visitor assemblages. Northern populations
predominantly attracted females of Psychoda phalaenoides (Psychodidae, Diptera), reflecting the
high availability of this moth fly in this region. More generalized visitor assemblages, including other
psychodid and non-psychodid groups, were observed in the south, where the availability of P.
phalaenoides/Psychodidae was limited. Fruit set was higher in the north than in the south but
correlated positively in both regions with the abundance of total visitors and psychodids; in the north,
however, this relationship disappeared when visitor abundances were too high. High pollen loads
were recorded on both psychodids and other Diptera. We demonstrate, for the first time, that
recording both quantitative data of floral visitor assemblages and the availability of these visitors in
the respective localities is helpful to understand the underpinnings of geographical variation in plant—
pollinator interactions. This approach revealed that geographical differences in floral visitors of A.
maculatum are only partly shaped by the local insect availability while other factors, such as the
plant’s region-specific attractiveness to flower visitors or population-specific pollinator behaviours,
also contribute to the geographical pattern of visitor assemblages.
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Contrasting floral visitor assemblages in Arum maculatum

1 Introduction

It is widely recognized that geographical variation in abundance and composition of pollinator
assemblages can impose variable selective pressures on floral phenotypes within and among plant
species (Dodd et al., 1999; Hernandez-Hernandez & Wiens, 2020; Johnson, 2010; Van der Niet &
Johnson, 2012; Waser et al., 1996). Indeed, geographical differences in pollinator assemblages are
often associated with variation in floral traits related to pollination (e.g. advertisement, rewards,
morphology) (Cosacov et al., 2014, Ishii et al., 2019; Newman et al., 2015; Parker et al., 2018),
frequently resulting in different degrees of pollinator specialization (Bustamante et al., 2010),
pollinator effectiveness, pollination success and plant fitness (Campbell, 1987; Gomez et al., 2009a;
Johnson & Bond, 1992; Moeller et al., 2012).

Variation in pollinator assemblages among populations is generally thought to correspond to local
pollinator availability (Grant & Grant, 1965; Phillips et al., 2020), but may also result from site-
specific differences in pollinator attraction (Majetic et al., 2009; Peakall et al., 2010). However, there
is limited knowledge about the relative importance of local pollinator availability vs. site-specific
pollination strategies in shaping the local abundance and composition of pollinator assemblages. This
is mainly because local pollinator availability is usually estimated either from presence/absence data
of particular pollinators (Diaz & Kite, 2002; Johnson & Raguso, 2016; Moeller, 2006 but see also
Sayers et al., 2020) or by comparing pollinator visitation rates among populations, assuming that
visitation rates positively correlate with local pollinator abundance (e.g. Gémez et al., 2009b, 2014;
Rech et al., 2018).

However, without further quantification of local insect availability, a high visitation rate observed for
a particular pollinator species could reflect either local predominance of that species, or its specific
attraction from a diverse pool of potential pollinators (Johnson, 2010; Primack & Inouye, 1993).
Similarly, a low visitation rate at a given locality could indicate that pollinators are indeed locally
scarce (Herrera, 1989) and plants are pollen-limited; if so, such a plant population would be expected
to evolve towards less reliance on pollinators (e.g. spontaneous selfing) (Fausto et al., 2001; Kalisz et
al., 2004; Knight et al., 2005; Moeller, 2006) or switch to novel pollinators (Pattemore & Wilcove,
2012). Low visitation rates could also indicate that pollinators (even if abundant in the habitat) are
not effectively attracted by the observed plant individuals (Herrera, 1989), and evolution towards
increased attraction of these particular pollinators might be expected (Ashman, 2000; Knight et al.,
2005; Trunschke et al., 2017). In either instance, low visitation rates result in plant populations that
are pollinator-limited, but the evolutionary implications would be different. Nevertheless, up to now,
studies that quantify local insect availability in relation to visitor assemblages are scarce (Sayers et
al., 2020).

Here, we use the brood-site deceptive Arum maculatum (Araceae) to investigate the role of local
insect availability (in terms of composition and abundance) in shaping visitor assemblages and
female reproductive success (fruit set and number of seeds per fruit) of individual plants. This
widespread perennial herb is ideal for such a study as it is one of the few European plant species from
which all floral visitors can be easily collected, because attracted insects are temporarily trapped in a
floral chamber (Broderbauer et al., 2012; Kite, 1995; Lack & Diaz, 1991; Szenteczki et al., 2021).
Arum maculatum is mainly pollinated by psychodid moth flies (Psychoda spp. sensu lato,
Psychodidae, Diptera; Chartier et al., 2011, 2013; Diaz & Kite, 2002; Espindola et al., 2011; Lack &
Diaz, 1991), while pollinator visitation patterns vary across the species’ range, especially between
populations north vs. south of the Alps (Espindola & Alvarez, 2011; Espindola et al., 2011). More
specifically, Espindola et al. (2011) reported high floral visitor abundances consisting predominantly
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Contrasting floral visitor assemblages in Arum maculatum

of female Psychoda phalaenoides in North—Central Europe but low visitor abundances composed
mainly of male and female P. grisescens in the Mediterranean region. Little is known about the
pollinator effectiveness of other insect taxa found in the floral chambers, especially of Mediterranean
A. maculatum (e.g. Chironomidae; Chartier et al., 2011; Espindola et al., 2011; Gibernau, 2016 but
see Diaz & Kite, 2002). Regardless, there are two main hypotheses to explain geographical
differences in pollinator assemblages among populations of A. maculatum. The first states that local
insect availability affects the composition and abundance of visiting insects (Chartier et al., 2013;
Szenteczki et al., 2021). The second hypothesis posits that the observed geographical pattern of floral
visitors can be explained by the differential attraction of the two psychodid species. Specifically, it is
assumed that P. phalaenoides is more attracted by A. maculatum populations located in North—
Central Europe while P. grisescens is more attracted by A. maculatum populations in the
Mediterranean region (Espindola et al., 2011; Gibernau, 2016). However, it is still unclear how the
abundance and composition of pollinators are related to local insect availability and/or the plant’s
site-specific strategies to attract pollinators.

We determined patterns of visitor assemblages in 11 populations of A. maculatum (six from north
and five from south of the Alps), recorded and quantified the insect communities at each site using
light trap catches, and determined the effect of floral visitors on individual fruit set and on the
number of seeds per fruit. In addition, we quantified and compared the pollen loads among the main
visiting insects (e.g. Psychodidae and other dipteran families) to determine whether non-psychodids
can also carry pollen and act as potential pollinators. Specifically, we asked: (1) How do floral visitor
assemblages of A. maculatum differ in their abundance and composition between northern and
southern populations? (2) Is there a difference in local insect availability between northern and
southern populations and if so, can this explain inter-regional differences in visitor assemblages? (3)
Is there a positive correlation, in each region, between the reproductive success of A. maculatum and
the abundance of all or certain visitors that are trapped by this plant species? And (4) do non-
psychodids carry pollen, and if so, are they potentially as efficient pollinators as psychodids, when
their pollen load is compared to that of psychodids? Based on previous studies (Espindola et al.,
2011; see above), we hypothesize that visitor assemblages of northern A. maculatum populations are
dominated by female P. phalaenoides, while those of the southern populations are more diverse but
less numerous in individuals. Such regional differences in visitor assemblages could reflect
respective differences in insect availability and/or plant attractiveness. Finally, we expect a positive
correlation of fruit set and seed number per fruit with the number of trapped psychodids, but not of
other visitors as their pollen loads are supposedly lower.

2 Materials and Methods

2.1 Study plant species

The distributional range of A. maculatum covers most of Europe, extending eastward to northern
Turkey and the western Caucasus (Boyce, 2006; Govaerts et al., 2020). Its preferential habitats
include deciduous woodlands, hedgerows and other shaded areas, on various soils (Sowter, 1949).
The spike-like inflorescence consists of a central elongated structure (spadix), whose upper part is
sterile (appendix), while its lower part bears the flowers (Gibernau et al., 2004). Fertile female
flowers (14-36 per inflorescence, Albre et al., 2003; Chartier & Gibernau, 2009; number of ovules
per flower: 1-7, M. Gibernau, unpubl. res.) are found at the base, followed by hair-like sterile female
flowers, fertile male flowers (85-155 per inflorescence, Chartier & Gibernau, 2009), and another set
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of hair-like sterile male flowers (Chouteau et al., 2008; Gibernau et al., 2004; Lack & Diaz, 1991).
The spadix is surrounded by a modified bract (spathe), which forms a floral chamber at the level of
the flowers (Gibernau et al., 2004; Lack & Diaz, 1991; Sowter, 1949). During the first day of
anthesis, the stigmas become receptive and the spathe unfolds revealing the appendix.
Concomitantly, the appendix heats up and emits a dung-like scent, as typical for the oviposition sites
of putative main pollinators (moth flies, Psychodidae, Diptera) (Bermadinger-Stabentheiner &
Stabentheiner, 1995; Chartier et al., 2013; Kite, 1995; Kite et al., 1998). Pollinators are thus lured by
chemical deception, and trapped in the floral chamber for at least one night. On the next day, pollen
is released and shed onto the insects while the spathe and sterile flowers wither, allowing the insects
to escape (Gibernau et al., 2004; Lack & Diaz, 1991). A few months after pollination, the red berry-
like fruits are retained in an infructescence with usually up to five seeds per fruit (Lack & Diaz, 1991;
Sowter, 1949).

2.2 Study populations and sampling of floral visitors

During three consecutive flowering seasons (April/May 2017-2019), we sampled floral visitors in 11
populations of A. maculatum, including six located north of the Alps (Austria, Germany,
Switzerland: BUR, HOH, JOS, MUR, NEC, RUM) and five south of the Alps (North Italy: BER,
DAO, LIM, MON, UDI; see Fig. 1, Supporting Information Table S1). These populations were
located in shady habitats in the vicinity of (small) rivers, and selected given their size and number of
flowering individuals, with a minimum number of 30 to 40 inflorescences per population at the time
of sampling (i.e. typically mid-flowering season). At most sites, we randomly selected 14 to 16
individuals (inflorescences), with a minimum distance of 1 m among each other to avoid sampling
clones. Sample sizes were smaller in a northern population (HOH; N = 8) and higher in the largest
northern (JOS, N = 71) and southern (DAO, N = 73) populations (Fig. 1, Supporting Information
Tables S1, S2).

All insects trapped in the floral chambers were collected in the morning (0800 h — 1000 h) of the
second day of anthesis (i.e. before the release of the trapped insects), using exhausters. After
application of this non-invasive method, insects were placed in a preservative solution (96% ethanol,
4% glycerol) for later identification. We use the term ‘visitors’ to describe all insects trapped in a
floral chamber, regardless of their importance to pollination (see Discussion). Sampled plants were
individually marked with metal tags, and infructescences were collected in summer, just before fruit
ripening, to determine fruit set (see also Gfrerer et al., 2021) and the number of seeds per fruit.

2.3 Assessment of insect availability at the study sites by light trap catches (LT)

To determine insect abundance and community composition at each site, we carried out UV light
trapping (‘Big Outback’, 12V, Bioform, Nuremberg, Germany). The UV lamp was attached to a
metal rod and surrounded by a net, from where attracted insects were collected using exhausters.
Light-trapping has been documented as an efficient method for the attraction of Psychodidae and
other dipteran families (Borkent et al., 2018; Withers, 1989). The catches took place on the day(s)
immediately after visitor sampling, between 2000 h and 2300 h. This time period corresponds to the
flowering time (female phase) of A. maculatum and the time of high activity of many (moth) fly
species (Withers, 1989). At sites with a high insect availability (e.g. BUR, MUR, NEC, RUM), c.
100 insects could be collected within 15 to 45 min. At sites with lower insect availability (e.g. MON,
LIM), light trap catches were performed for up to 90 min in order to collect a similarly high number
of insects. Light trap catches were carried out either once (most sites), twice (LIM) or three times
(BER, DAO, JOS; see Results and Supporting Information Tables S1, S2). Since we were only
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interested in potential visitors of A. maculatum, we only caught light-attracted insects that were
similar in size to those recorded in the floral chambers (c. 2—8 mm).

2.4 Insect identification

All insects sampled from the floral chambers and light traps were first sorted into Psychodidae vs.
non-Psychodidae (Kvifte & Wagner, 2017; Oosterbroek, 2006; Vaillant, 1971), followed by sex
determination of specimens belonging to Psychodidae. Whenever abdomens for sex determination
were missing due to mechanical damage, specimens were categorized as ‘unknown sex
(Psychodidae)’. Female psychodids were identified to species level according to morphological keys
(Faucheux & Gibernau, 2011; Jezek, 1990; Svensson, 2009; Vaillant, 1971; Withers, 1989). In the
present study, Psychoda zetterstedti refers to P. albipennis, which was also previously found in A.
maculatum inflorescences (Espindola et al., 2011), following the synonymy of these two taxa (Jezek,
1983). When species identification was not possible, individuals were categorized as ‘unidentified
females (Psychodidae)’. All males of the same family were grouped under the category ‘males
(Psychodidae)’, as further identification to species level was not possible. The remaining Diptera
were identified to family level (Oosterbroek, 2006) and other insects to a higher taxonomic rank
(Chinery, 1976). Unidentifiable specimens were grouped as ‘unidentified Diptera’ or ‘unidentified
Insecta’, respectively. In the following, insect categories (Supporting Information Table S2) will be
referred to as ‘insect groups’.

For our analyses of floral visitors and light trap catches, we only considered insect groups that
occurred at least three times in floral chambers. Insects or other arthropods that occurred only once or
twice (i.e. Psychoda gemina, Philosepedon spp., Phoridae, Hymenoptera, Lepidoptera, Arachnida,
Acarina), or were only recorded in light trap catches, were excluded from subsequent analyses. The
same applied to rare visitors, which are very unlikely pollinators of A. maculatum, such as
Collembola.

2.5 Assessment of pollen loads

To determine the pollen load of visiting insects, inflorescences of 45 individuals from JOS were
enclosed in fine-mesh gauze bags, early in the morning after the first day of anthesis. After escaping
from the plants, all trapped insects were collected carefully from the bags, placed in glass vials and
frozen. Pollen morphology (e.g., Weber et al., 1999) and the absence of other Arum species at this
northern site allowed us to assign the pollen grains to A. maculatum. Pollen grain counting was
carried out using a Leica DVM6 z-stacking digital microscope (Leica Microsystems, Wetzlar,
Germany).

2.6 Statistical analyses

2.6.1 Insect composition and abundance in floral chambers (FC) and light trap catches (LT)

Differences in the overall abundance of insect groups between northern and southern populations
were determined separately for floral chambers (FC) and light trap catches (LT), using asymptotic
Wilcoxon—Mann-Whitney (WMW) tests. For the JOS population, no LT data were available in 2018.
To allow for comparison, the respective FC data were excluded from subsequent visitation analyses
(Supporting Information Table S1). Differences in insect composition between the two regions were
again separately assessed for FC and LT, using permutational analysis of variance (PERMANOVA,;
9,999 permutations) in PRIMER ver. 6.0 (Clarke & Gorley, 2005). For this analysis, pairwise Bray-
Curtis similarities were calculated on the relative abundance of the insect groups (i.e. absolute
abundance of each insect group divided by the total number of insects in a floral chamber or light
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trap). The term region was used as fixed factor and we additionally included population nested in
region as a random factor for stratification by population. As most of the southern populations were
sampled in 2017 and most of the northern ones in 2018 (Supporting Information Table S1), the term
year of sampling was not included as a random factor due to the unbalanced sample sizes among
years. Unidentified taxa [i.e. ‘unidentified females (Psychodidae)’, ‘unknown sex (Psychodidae)’,
‘unidentified Diptera’ and ‘unidentified Insecta’; see Supporting Information Table S2] were not
considered for PERMANOVA.

The Bray-Curtis similarities were also used to visualize similarities and dissimilarities in the relative
abundances of the insect groups among plant samples and among light trap catches, by employing
non-metric multidimensional scaling (NMDS) in PRIMER. Vectors, representing Spearman’s rank
correlations of individual insect groups with the ordination axes, were calculated. Only vectors with a
correlation coefficient of at least 0.2 are reported. Insect groups that were strongly correlated with the
ordination axes in the FC plot, and explained most of the variation observed between northern and
southern FC-samples (see Results, Fig. 2A), were retained for further analyses. Specifically, we
tested whether the total abundance of each of these specific insect groups differed between the
regions for FC and LT separately, using asymptotic WMW tests in the R package COIN (Hothorn et
al., 2008; R Core Team, 2020).

For each data set (FC, LT), we also tested for differences in abundance among the different insect
groups within each region, first using Kruskal-Wallis tests, followed by exact WMW tests for post-
hoc analyses in COIN. For the FC tests, both analyses were stratified by population. For the LT data,
such stratification was not meaningful as for most populations only a single light trap catch was
performed (Supporting Information Tables S1, S2). The a-levels obtained from post-hoc analyses
were adjusted using the Benjamini-Hochberg correction in R ver. 3.6.3 (R Core Team, 2020).

For most analyses described above, LT data were standardized to the number of insects per hour of
trapping (except for PERMANOVA and NMDS that were calculated on relative insect data; see
above). For those populations where repeated light trap catches were performed (i.e. BER, DAO,
JOS, LIM), mean insect numbers (per hour of trapping) of the replicate samples were used for
statistical analyses.

2.6.2 Relationships between visitor abundances and fruit set

Fruit set data were available for 260 out of the 273 plant individuals examined. First, we performed
logistic regressions for the two regions to test whether the presence of an infructescence is dependent
on the total number of all floral visitors (sum), using generalized linear models (GLMs) in R (R Core
Team, 2020). Fruit set was then quantified as the percentage of fruits with seeds divided by the total
number of female flowers. If no infructescence was available (N = 144 out of 260 plant individuals),
fruit set was coded as zero. To assess whether there is a relationship between fruit set and the
abundance of floral visitors north and south of the Alps, we constructed linear models (LMs) in R (R
Core Team, 2020), including fruit set as response variable. In the full (across-region) model, the total
number of all floral visitors (sum) (Supporting Information Table S2) and region were incorporated
as explanatory variables, testing also for their interaction. In addition, LMs were constructed
separately for each region. In all three models, population was not included as random factor. This is
because a significant random effect was only detected in the linear mixed effect model for the north
due to the observations after the breakpoint (see below) (R package LME4, Bates et al., 2015; R
package RLRsim, Scheipl et al., 2008; Supporting Information Table S4). Hence, the simpler model
(i.e. without random effect) was preferred. The term year of sampling was not included as random
factor due to the unbalanced sample sizes among years (see also above; Supporting Information
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Table S1). For all models presented above (GLMs, LMs), insect counts were log-transformed (log1o
+ 1) to reduce the skewness in the data set. As various northern plants had higher visitor abundances
than any from south of the Alps (see Results, Fig. 4), we also examined the relationship between
visitor abundance and fruit set by focusing only on those observations where the visitor-abundance
values for the two regions overlapped. Therefore, we set a breakpoint at the maximum value of
abundance observed in the south (i.e. maximum of 71 insects recorded in a floral chamber) and the
analyses described above were repeated. As the interaction of the two variables (sum and region)
proved non-significant (data not shown), no such term was employed in the models. For the north,
observations with more than 71 insects were analysed in a separate linear model.

To test for a relationship between the abundance of individual insect groups and fruit set, we
constructed LMs for each region separately, including only the data up to the previously defined
breakpoint. To assess whether there are differences in fruit set between the regions, we further
constructed LMs for each insect group incorporating the term region. The analyses were performed
for each major insect group (pooled psychodids, pooled non-psychodids; Supporting Information
Table S2) and other groups that contributed most to the floral visitation (see Results, Fig. 2A). Insect
species and groups with less than five observations per region (i.e. Psychoda zetterstedti and
Hemiptera) were excluded.

2.6.3 Relationship between visitor abundances and number of seeds per fruit

The number of seeds produced per fruit was calculated for each plant by dividing the total number of
seeds by the number of fruits with seeds. Therefore, only individuals exhibiting an infructescence in
summer (N = 116 out of 260 plant individuals) were included in this analysis. To test for a
relationship between the number of seeds produced per fruit and the abundance of floral visitors,
LMs were constructed as for the fruit set analyses (R Core Team, 2020), i.e. including a full (across
region) model and one for each region separately. For the northern region, two separate models were
additionally constructed with respect to the maximum visitor abundance observed in the south
(breakpoint at 71 insects; see above). The number of seeds per fruit was used as response variable
and the overall visitor abundance (sum) or the abundances of each individual insect group separately
(see also above) as explanatory variables. The individual insect groups tested for the number of seeds
per fruit were the same as in the fruit set analyses (listed in Supporting Information Table S3).

2.6.4 Analysis of pollen loads

A Kruskal-Wallis test (R package COIN; Hothorn et al., 2008) was employed to determine
differences in the number of pollen grains among insect groups, considering only those groups with
more than five individuals.

3 Results

3.1 Total absolute abundances of insects in floral chambers and light trap catches north and
south of the Alps

Across the 11 A. maculatum populations, a total of 19,306 insects were collected, of which 16,296
were found in the floral chambers (N = 273) and 3,010 derived from light trap catches (N = 18). The
abundance of floral visitors was quite variable in both regions, but significantly higher in northern
plants (median = 16, range = 0-2,097) than southern ones (median = 6, range = 0—71; asymptotic
WMW, Z =5.41, P < 0.001, Nnorth = 139, Nsouth = 134) (Fig. 1, Supporting Information Table S2 and
Fig. S1). Similarly, the abundance of insects trapped by light per hour was significantly higher in the
northern region (median = 490, range = 55-701) compared to the south (median = 54, range = 6-158;

8
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asymptotic WMW, Z = 2.73, P = 0.006, Nnorth = 6, Nsouth = 5) (Fig. 1, Supporting Information Table
S2 and Fig. S1).

3.2 Relative composition of floral visitors and locally available insect communities north and
south of the Alps

3.2.1 Floral chambers (FC)

In the northern populations, insect visitors collected from the floral chambers were mainly
Psychodidae, while besides the latter, other dipteran families (e.g. Sphaeroceridae, Chironomidae)
were the predominant visitors in the south (see below; Supporting Information Table S2 and Fig. S1).
Within Psychodidae, females were the strongly dominating sex in the northern floral chambers (Fig.
1; Supporting Information Table S2). In the southern floral chambers, males were relatively more
abundant compared to the north (Fig. 1; Supporting Information Table S2).

There were significant within- (PERMANOVA, pseudo-Fg, 206 = 6.26, P < 0.001) and among-region
differences in the relative abundances of the different insect groups found in the floral chambers
(PERMANOVA, pseudo-F1, 206 = 21.36, P = 0.002). The latter difference was mainly due to the
higher relative abundances of (1) female Psychoda phalaenoides, followed by P. zetterstedti and
Ceratopogonidae in the north; and (2) Sphaeroceridae, followed by various other groups (i.e. female
Psychoda grisescens, Chironomidae, Hemiptera, male psychodids) in the south (see length and
direction of vectors in Fig. 2A).

3.2.2 Light trap catches (LT)

Light trap catches north of the Alps consisted mostly of Psychodidae and few other dipteran families
(e.g. Ceratopogonidae, Chironomidae), while the latter dominated the light trap catches in the south
(Supporting Information Table S2 and Fig. S1). In one southern population (UDI) no psychodids
were trapped. Within Psychodidae, females were dominant in most catches of both regions, with the
exception of one population in the north (NEC; mostly males) (Fig. 1; Supporting Information Table
S2).

Similarly to the floral chambers, there were significant among-region differences in the relative
abundances of the different insect groups found in the light trap catches (PERMANOVA, pseudo-F,
7 =3.54, P =0.017) whereas within-region differences were not detected (PERMANOVA, pseudo-
Fo,7 = 1.21, P = 0.29). Northern light trap catches exhibited higher relative abundances of psychodid
groups (e.g. females of P. phalaenoides, P. grisescens and P. trinodulosa) compared to the southern
catches (Fig. 2B). In contrast, southern catches had higher relative abundances of non-psychodids,
such as Sphaeroceridae, Sciaridae, Chironomidae and Cecidomyiidae (Fig. 2B).

3.3 Absolute abundances of single insect groups in floral chambers and light trap catches

3.3.1 North of the Alps

In the northern region, insect groups that were most responsible for similarities and dissimilarities in
relative visitor assemblages among floral chambers (Fig. 2A; see above) also showed significantly
different absolute abundances across both floral chambers (Kruskal-Wallis, y?> = 387.13, df = 7; N =
992, P < 0.001) and light traps (Kruskal-Wallis, * = 30.19, df =7, N = 48, P < 0.001). Floral
chambers were dominated by female P. phalaenoides followed by female P. grisescens (Fig. 3A;
FC). The median of absolute abundance of male psychodids, female P. zetterstedti, Ceratopogonidae,
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Chironomidae, Sphaeroceridae and Hemiptera in the floral chambers was zero while some
representatives thereof (e.g. female P. zetterstedti) were found at high numbers in a few chambers
(Fig. 3A; FC). Male psychodids, female P. phalaenoides, female P. grisescens, Chironomidae and
Ceratopogonidae were attracted by the light traps in significantly higher numbers than
Sphaeroceridae and Hemiptera, while the numbers of female P. zetterstedti were in between these
two groups (Fig. 3A; LT).

3.3.2 South of the Alps

In the southern region, the respective insect groups likewise differed from each other in their absolute
abundances in both floral chambers (Kruskal-Wallis, y* = 222.46, df = 7, N = 1072, P < 0.001) and
light traps (Kruskal-Wallis, * = 20.34, df = 7, N = 40, P = 0.005). In the southern floral chambers,
however, Sphaeroceridae were the dominating taxon, followed by male psychodids, female P.
grisescens, female P. phalaenoides and Chironomidae (Fig. 3B; FC). The remaining taxa, female P.
zetterstedti, Ceratopogonidae and Hemiptera, occurred in very few chambers (Fig. 3B; FC). In
contrast to the northern region, almost all insect groups found in the southern light traps exhibited
similarly low abundances (Fig. 3B; LT). As the only exception, Chironomidae were more abundant
than all other insect groups, followed by Ceratopogonidae and the remaining insect groups (Fig. 3B;
LT).

3.3.3 Comparison between northern and southern regions

There was no significant difference between northern and southern floral chambers with regard to the
total abundances of male psychodids and female P. grisescens, although higher numbers of these
groups were attracted by the light at northern sites (see Fig. 3). Female P. phalaenoides and
Ceratopogonidae were significantly more abundant in the north than in the south, both in floral
chambers and light traps; the opposite was true for Sphaeroceridae, which were significantly more
abundant in the south compared to the north, both in floral chambers and light traps (Fig. 3). Females
of P. zetterstedti were more abundant in northern than southern chambers, but their numbers were
similar in the light traps of each region (Fig. 3). Although Hemiptera were generally low in
abundance, they were more frequent in the southern chambers, but similarly abundant in the light
traps of the two regions. Finally, Chironomidae exhibited similar numbers in the two regions, both in
floral chambers and light traps with high abundances in the light traps and low abundances in floral
chambers (Fig. 3). Overall, these results indicate that differences in visitor assemblages within and
between the two regions can only partly be explained by the light trap catches (see Discussion).

3.4 Effects of total visitor abundance on fruit set

Floral visitor abundance was a significant predictor of the presence of an infructescence in both north
(P = 0.004, df = 125; performance of the GLM, hereinafter referred to as GLM fit: x*=9.26, P =
0.002) and south (P < 0.001, df = 131; GLM fit: y?>=19.35, P < 0.001) of the Alps (Supporting
Information Fig. S2). Fruit set was highly variable (Fig. 4) and the mean fruit set among the
populations ranged between 1% and 86.1% in both of the regions (Supporting Information Table S2).
When pooled across regions, the overall visitor abundance had a significant effect (slope = 11.06, P =
0.005) on fruit set (performance of the LM, hereinafter referred to as LM fit: adj. R?=0.13, df = 256,
P < 0.001). Fruit set was significantly lower in the south than in the north [A(South—North) = -27.40,
P =0.002], whereby the slopes for the two regions also differed significantly, indicating a stronger
effect of visitor abundance on fruit set in the south (Aslopes = 21.19, P = 0.009; Fig. 4A). The LMs
constructed separately for each region revealed a significant positive effect of the number of floral
visitors on fruit set (higher insect numbers resulted in higher fruit set) in both the south
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(slope = 32.25, P < 0.001; LM fit: adj. R?=0.18, df = 131, P < 0.001; Fig. 4A, Supporting
Information Table S3) and the north (slope = 11.06, P = 0.01; LM fit: adj. R?= 0.04, df = 125, P =
0.01; Fig. 4A).

When only considering floral chambers with a maximum of 71 insects (i.e. the highest number
observed in the south; LM fit: adj. R?=0.18, df = 231, P < 0.001), fruit set was significantly lower,
again, in the south [A(South—North) =-9.83, P = 0.03; Fig. 4B], and the effect of visitor abundance
(pooled across regions) on fruit set was also significant (slope = 30.51, P < 0.001). Interestingly,
based on this analysis, although the total number of insects correlated positively with fruit set in the
north (Fig. 4B, Supporting Information Table S3), no such correlation was detected in this region
when only chambers with more than 71 insects were considered (LM fit: adj. R>=-0.04, df =24, P =
0.78; Fig. 4B).

3.5 Effects of individual insect groups on fruit set

When testing for relationships between the number of single insect groups and fruit set, significant
effects (slopes) were detected in each of the two regions for (1) pooled Psychodidae (i.e. male
psychodids, females of Psychoda brevicornis, P. grisescens, P. phalaenoides, P. sp. 1, P.
trinodulosa, and P. zetterstedti, unidentified females, unknown sex; Supporting Information Table
S2); and (2) P. phalaenoides females (Fig. 5, Supporting Information Table S3). In the south,
significant effects were additionally detected for (1) pooled non-psychodids (i.e. Cecidomyiidae,
Ceratopogonidae, Chironomidae, Sciaridae, Sphaeroceridae, unidentified Diptera, Coleoptera,
Hemiptera and unidentified Insecta; Supporting Information Table S2); (2) male psychodids; (3) P.
grisescens females; (4) Chironomidae; and (5) Sphaeroceridae (Fig. 5, Supporting Information Table
S3). Interestingly, pooled Psychodidae and female P. phalaenoides had the same effects on fruit set
north and south of the Alps (no differences in the intercept), while for all other insect groups tested,
the intercept of the model was higher in the north than in the south, i.e. for a given number of
individuals, the fruit set was higher in the north (Fig. 5, Supporting Information Table S3).

3.6 Effects of the abundance of all visitors and of individual insect groups on the number of
seeds per fruit

The number of seeds per fruit varied in both regions (north: median = 1.12, range = 1-3.46; south:
median = 1.18, range = 1-2.5), with no significant differences between the regions [A(South—North)
=0.03, P = 0.64; LM fit: adj. R? =-0.01, df = 113, P = 0.82]. Moreover, no correlation was detected
between the abundance of floral visitors and the number of seeds per fruit both in the global LM
(pooled across regions; slope = 0.03, P = 0.58) and in the LMs constructed separately for each region
(north: slope = 0.08, P = 0.23; LM fit: R?=0.007, df = 63, P = 0.23; south: slope = -0.16, P = 0.15;
LM fit: R?=0.02, df = 49, P = 0.15) (Supporting Information Fig. S3). Similar results were obtained
when the same analysis was performed for the northern region, considering only chambers with
either a maximum of 71 insects (slope = 0.18, P = 0.09; LM fit: R>= 0.04, df = 47, P = 0.09) or more
insects (slope = 0.21, P = 0.60; LM fit: R?=—0.05, df = 14, P = 0.60) (Supporting Information Fig.
S3). Furthermore, no correlation was detected between the abundance of individual insect groups and
the number of seeds per fruit for both regions before the breakpoint (adj. R?< 0.01, P > 0.05).

3.7 Pollen loads

In total, 188 insect specimens were examined for pollen load (i.e. 154 females of P. phalaenoides, 17
females of P. grisescens, eight Chironomidae and nine Sphaeroceridae) (Fig. 6, Supporting
Information Fig. S1, S4). Of those, 23 specimens carried no pollen grains (i.e. 15 females of P.
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phalaenoides, five females of P. grisescens, one Chironomidae and two Sphaeroceridae). Overall, the
amount of pollen grains per individual was highly variable (range = 0-542). The median number of
pollen grains was higher in Chironomidae (median = 187, range = 0-542) than in Sphaeroceridae
(48, 0-385), P. phalaenoides (30, 0-475) and P. grisescens (27, 0—223); however, there were no
significant differences in the number of pollen grains across these insect groups (Kruskal-Wallis, »?
=7.03,df =3, N =188, P =0.07) (Fig. 6). Pollen grains were also detected on male psychodids
(median = 18, range = 0-72, N = 4) (Supporting Information Fig. S4), Ceratopogonidae (11, 0-47, N
=4), Sciaridae (8, 0-380, N = 3) and Coleoptera (10, 1-27, N = 3), but these groups were excluded
from statistical analysis due to small sample sizes.

4 Discussion

Based on our insect collections from floral chambers (Fig. 1, Supporting Information Fig. S1),
individuals of Arum maculatum from north of the Alps attracted more visitors than southern ones.
Moreover, the visitor assemblages of northern plants were strongly dominated by females of
Psychoda phalaenoides (Figs. 2A and 3A). By contrast, in the south, Sphaeroceridae were the most
abundant insect visitors, followed by female P. grisescens, male psychodids and Chironomidae (Figs.
2A and 3B). When combined with our light trap results (Figs. 2B and 3), these differences in visitor
assemblages across the Alps could only be partially explained by the insects available in the different
regions. Moreover, in each region, fruit set was quite variable, but significantly higher in the north
than in the south, and positively correlated with the total number of trapped insects as well as some,
but not all specific visitor groups (Fig. 5, Supporting Information Table S3). In the north, however,
this positive relationship disappeared when numbers of trapped insects were too high (Fig. 4B). The
number of seeds per fruit did not differ between the regions and did not correlate with the overall
abundance of floral visitors or with the abundance of individual insect groups (Supporting
Information Fig. S3). Not only Psychodidae but also other fly taxa were found to carry high pollen
loads, with amounts similar to those of psychodids (Fig. 6).

4.1 Does local insect availability shape the visitor assemblages of A. maculatum populations
from north vs. south of the Alps?

The visitor assemblages we observed in A. maculatum populations from north vs. south of the Alps
broadly concur with those reported by Espindola et al. (2011), especially in terms of total and relative
abundances of single psychodid species and the total abundance of other Diptera. For the southern
region, however, we newly identified Sphaeroceridae as abundant visitors (Figs. 2A and 3). This
dipteran family has so far only been reported for a single northern (southwest German) population of
A. maculatum (Rohacek et al., 1990). That said, previous visitor collections from south of the Alps
might well include specimens of Sphaeroceridae, yet classified as suborder Brachycera (Espindola et
al., 2011; Szenteckzki et al., 2021). Regardless, the overall floral visitation patterns reported by
Espindola et al. (2011) are remarkably similar to those of the present study, suggesting spatial and
temporal consistency in the regionally differing visitor assemblages across the Alps. It is noteworthy,
however, that beyond our study region, Szenteckzki et al. (2021) reported some temporal variation in
floral visitors of A. maculatum populations in France, Croatia and Serbia, after having re-surveyed
those studied by Espindola et al. (2011).

As evidenced by our light trap results, all psychodid groups, apart from female P. zetterstedti,
exhibited similarly high and low abundances in the northern and southern regions, respectively (Fig.
3; LT). Possible factors driving those inter-regional differences may include climatic conditions
(Espindola et al., 2011) and/or the availability of suitable habitats, which might be limited for these
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psychodid taxa in the south (R. Wagner, unpubl. res.). Further ecological investigations are needed to
identify the underlying causes of the high and low abundances of Psychodidae north and south of the
Alps, respectively.

Based on our comparative analyses of floral visitor and light trap catches (Figs. 2 and 3), local insect
availability can only partly explain the different visitor assemblages of A. maculatum from north vs.
south of the Alps. Specifically, both the higher overall abundance of floral visitors and the higher
absolute abundance of female P. phalaenoides north than south of the Alps can be explained by the
locally available insects (Figs. 2B and 3A). Similarly, the higher relative and absolute floral
abundances of Sphaeroceridae in the south can be explained by their higher availability in this region
(Figs. 2B and 3B). These findings confirm a previous hypothesis by Chartier et al. (2013), proposing
that local insect availability plays an important role in shaping the composition and abundance of
floral visitors in A. maculatum.

However, the high relative abundances of female P. phalaenoides in the northern floral chambers
(Fig. 2A), and the similar absolute floral abundances of female P. grisescens and male psychodids in
northern and southern populations (Fig. 3), do not reflect the availability of these three insect groups
in the respective regions. Instead, northern individuals of A. maculatum appear to be relatively more
attractive to female P. phalaenoides than southern individuals, which preferentially trapped female P.
grisescens and male psychodids (Fig. 3). Our results therefore do not support the hypothesis that the
relatively higher visitation of southern A. maculatum by female P. grisescens is due to the higher
availability of this species (compared to P. phalaenoides) in the Mediterranean region (Espindola et
al., 2011). On the other hand, the hypothesis of high attractiveness of northern A. maculatum to
female P. phalaenoides inferred herein could also explain why this specific interaction has been
repeatedly observed in other northern locations of the plant’s distribution (Chartier et al., 2013; Diaz
& Kite, 2002; Espindola et al., 2011; Gibernau 2016; Lack & Diaz, 1991). The recently reported
differences in scent bouquets between A. maculatum populations from north vs. south of the Alps
(Gfrerer et al., 2021) might play a key role in the differential attraction of the psychodid moth flies.
To test this hypothesis, behavioural assays assessing whether these psychodid species respond
differently to northern vs. southern scent bouquets would be needed. Furthermore, it would be of
interest to test whether the behaviour of specific pollinator taxa differs among regions.

4.2  Are regional differences in plant reproductive success caused by variations in pollinator
abundance, effectiveness and/or resource limitation?

The number of seeds per fruit was similar between the regions, but we observed lower levels of fruit
set in southern than in northern populations of A. maculatum (Fig. 4, Supporting Information Table
S2 and Fig. S3). Taken together, these findings show that northern plants have a higher seed
production than southern ones. The lower fruit set in the south is in agreement with the lower
abundances of floral visitors in this region (Figs. 1, 4 and 3, Supporting Information Table S2).
However, this inter-regional difference in fruit set is not due to differences in the numbers of insects
trapped, as the same visitor abundance yielded higher fruit set in the north (Fig. 4B). Possible
explanations for this difference involve higher rates of fruit abortion in southern populations, which
could be caused by stronger resource limitation (Albre et al., 2003; Ollerton & Diaz, 1999; Suzuki,
2000; Uemura et al., 1993) and/or bad weather conditions during flowering in this region (Kite, 1995;
Wilcock & Neiland, 2002). Maternal effects might also differently affect the percentage of flowers
setting fruit (Richardson & Stephenson, 1991) in the two regions. Furthermore, a relatively higher
pollination effectiveness of northern, psychodid dominated, visitor assemblages could also explain
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this inter-regional difference in fruit set (Ne’eman et al., 2010; Ollerton et al., 2007; Willcox et al.,
2017).

The latter hypothesis gains some support from the significant positive correlation observed between
the abundance of pooled Psychodidae and fruit set in both regions (Fig. 5, Supporting Information
Table S3) and the disappearance of significant inter-regional differences in fruit set, when the
numbers of trapped Psychodidae and female P. phalaenoides were similar between the regions (Fig.
5, Supporting Information Table S3). Both findings confirm the pollination effectiveness of
Psychodidae in A. maculatum (Diaz & Kite, 2002; Lack & Diaz, 1991); however, they also suggest
that reduced fruit set in the south could be due to the lower floral abundance of psychodids there
(Fig. 5, Supporting Information Table S3). Diaz and Kite (2002) reported that the high pollination
effectiveness of P. phalaenoides could be related to the high amount of pollen carried, also by
comparison with non-psychodid flies (e.g. Chironomidae: Smittia pratorum). Although we found no
higher pollen loads on psychodids than non-psychodids (Fig. 6), the former still might be the most
efficient pollinators of A. maculatum due to certain behavioural characteristics (e.g. frequent
movements around stigmas, less efficient cleaning behaviour: Borkent & Schlinger, 2008; Ne’eman
et al., 2010) or morphological traits (dense hairiness: Stavert et al., 2016).

Nonetheless, even if less effective, our results suggest that non-psychodids (e.g. Chironomidae,
Sphaeroceridae) also contribute to the pollination of A. maculatum (Fig. 5, Supporting Information
Table S3), as already demonstrated for Sphaeroceridae in Mediterranean A. pictum (Quilichini et al.,
2010) and in an Australian aroid, Typhonium eliosurum (Sayers et al., 2020). This hypothesis is also
supported by preliminary tests, where Sphaeroceridae were transferred from male to female stage
inflorescences of A. maculatum, resulting in fruit set (M. Schleifer et al., unpubl. res.). Given the
scarcity of Psychodidae in areas south of the Alps (Figs. 1 and 3, Supporting Information Table S2),
it is feasible that southern populations of A. maculatum evolved a more generalized pollination
strategy by additionally attracting other, locally more abundant insect groups to counterbalance
negative effects on fruit set (see also Bustamante et al., 2010; Hallett et al., 2017).

4.3 Disappearance of the positive relationship between visitor abundance and fruit set at too
high visitor numbers

The common assumption of a positive correlation between visitation rate and fruit set has recently
been challenged (Séez et al., 2014; Willcox et al., 2017). Séez et al. (2014) found that overall fruit set
in Rubus idaeus (Rosaceae) decreased with extremely high visitation rates of Apis mellifera and
Bombus terrestris, due to damage of the styles. In Araceae, we are aware of similar results only in
Dieffenbachia longispatha, where fruit set peaked at intermediate abundances of pollinating beetles
and decreased at higher and lower abundances (Young, 1988). This was also explained by cumulative
floral damage caused by the beetles’ activities (i.e. feeding, mating; Young, 1988). Although adult
Psychoda flies lack feeding mouth parts (Oosterbroek, 2006), their activity inside the floral chamber
of A. maculatum might also cause floral damage, e.g., on the stigmatic papillae. Our finding (Fig. 4B)
might also be explained by an excess of pollen with a high number of simultaneously growing pollen
tubes preventing each other from reaching the ovules (Ashman et al., 2004; Holland & Chamberlain,
2007).

4.4 Conclusions
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This study highlights how quantitative assessments of floral visitor assemblages in relation to locally
available insect communities help understand the basis of intraspecific variation in plant-pollinator
interactions. To the best of our knowledge, this combined approach, which independently assesses
floral visitation and local insect availability at each site, has never been applied before. We used light
traps to quantify local insect availability, but other methods, such as Malaise or pitfall traps (Borkent
et al., 2018; Sayers et al., 2020), need to be applied when working with strictly diurnal insects, or
more generally, with pollinators that are not attracted by light sources. Consistent with previous
studies, we found that psychodids are important pollinators of A. maculatum; however, our results
also imply other insects, such as Sphaeroceridae and Chironomidae, as pollinators of this species.
Future studies are needed to compare the pollination effectiveness of different visitors (psychodids
and non-psychodids) and to better understand the high variation in fruit set of A. maculatum. Such
studies would also reveal whether the lower fruit set observed in southern populations results from
lower effectiveness of southern visitor assemblages or other factors, such as resource limitation.
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Figure 1. Localities of the sampled populations of Arum maculatum from north vs. south of the Alps
(blue vs. dark yellow dots). The dashed line indicates the main chain of the Alps. Bar plots show the
mean absolute abundances of insect groups recorded in the floral chambers (FC) and light trap
catches per hour (LT) at each location. Note the differences in y-axis scales between the two regions
and among northern populations. For sample sizes of plant individuals and light trap catches, see
Supplementary Information Table S2. Population abbreviations: North: BUR, Burg Hohenstein;
HOH, Hohendilching in Valley; JOS, Josefiau; MUR, Murnau am Staffelsee; NEC, Horb am Neckar;
RUM, Rimikon; South: BER, Santa Maria Hoé; DAO, Daone; LIM, Limone Piemonte; MON,
Montese; UDI, Udine. The map was prepared using the ETOPO1 Global Relief Model (Amante and
Eakins, 2009) and ArcGIS ver. 10.4 (ESRI, Redland, CA).
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Figure 2. Non-metric multidimensional scaling (NMDS) based on Bray—Curtis similarities of
relative abundances of insect groups in (A) floral chambers of Arum maculatum (stress = 0.11) and
(B) light trap catches (stress = 0.11), as recorded in populations from north (triangles) vs. south
(circles) of the Alps (see Fig. 1 and Supplementary Data Table S1 for population code identification).
Each point (circle or triangle) in ordination space represents either a floral chamber (A) or a light trap
(B). Psych.: Psychodidae, P.: Psychoda.
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Figure 3. Absolute abundances (logio + 1) of different insect groups most responsible for similarities
and dissimilarities in relative floral visitor assemblages (see Fig. 2A) in the floral chambers of Arum
maculatum (FC) and light trap catches per hour (LT), as recorded in populations from (A) north and
(B) south of the Alps, respectively. Different small or capital letters indicate a significant difference
between insect groups within regions for FC or LT respectively, according to exact Wilcoxon—
Mann-Whitney (WMW) post-hoc tests (P < 0.05). Asterisks (*) indicate a significant difference
between regions for each insect group, based on asymptotic WMW tests (P < 0.05). The bold
horizontal line within each box represents the median of the distribution, and the lower and upper
limits represent the 1st quartile and 3rd quartile. The two whiskers indicate the range of most extreme
values if these are no more than 1.5 times the interquartile distance from the median (Tukey, 1977).
Outliers are depicted as grey circles. Psych.: Psychodidae, P.: Psychoda.
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840

841  Figure 4. (A) Linear regressions between fruit set (%) of Arum maculatum individuals and absolute
842  abundance (logio + 1) of visitors per floral chamber for populations from north (blue lines/triangles)
843  vs. south (dark yellow lines/circles) of the Alps. (B) Linear regressions based on floral chambers with
844  amaximum of 71 visitors, i.e. the highest number observed in the south (vertical dotted line; see text
845  for details). The regression line beyond this threshold was calculated separately for the northern

846  chambers that trapped more than 71 flies. Solid and dashed lines indicate significant and non-

847  significant model fitting, respectively. Shaded areas indicate 95% confidence intervals (Cls) around
848  regression lines.
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851

852  Figure 5. Linear regressions between fruit set (%) of Arum maculatum individuals (see also

853  Supplementary Information Table S3) and absolute abundance (logio + 1) of different visitor groups
854  (with a maximum of 71 visitors; see also Fig. 4) per floral chamber for populations from north vs.
855  south of the Alps (blue lines/triangles vs. dark yellow lines/circles). Psychodidae refer to the pooled
856  psychodid groups and non-Psychodidae to the pooled non-psychodid groups. Solid and dashed lines
857 indicate significant and non-significant model fitting, respectively. Shaded areas indicate 95%

858  confidence intervals (Cls) around regression lines. Asterisks (*) indicate significant differences (P <
859  0.05) in fruit set between the two regions for each insect group.
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Figure 6. Number of pollen grains per individual for female Psychoda phalaenoides (N = 154),
female P. grisescens (N = 17), Chironomidae (N = 8) and Sphaeroceridae (N = 9). The bold
horizontal line within each box represents the median of the distribution, and the lower and upper
limits represent the 1st quartile and 3rd quartile. The two whiskers indicate the range of most extreme
values if these are no more than 1.5 times the interquartile distance from the median (Tukey, 1977).
Outliers are shown as grey circles. Male psychodids, Ceratopogonidae, Sciaridae and Coleoptera
were not included in this Figure because of their small sample sizes.
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