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Abstract A community of frugivorous insects was studied by rearing of 25565 individual insects representing three
orders (Coleoptera, Lepidoptera and Diptera except Drosophilidae) from 326 woody plant species in a lowland
rainforest in Papua New Guinea. Fruits from 19.3% of plant species were not attacked by any insect order, 33.4% of
plant species were attacked by a single order, 30% by two orders and 17.2% by all three orders. The likelihood of attack
by individual orders was positively correlated so that a higher proportion of plant species than expected suffered either
no attack at all or was attacked by all three insect orders. Fruits frommost of the plant species exhibited low rates of at-
tack and low densities of insects. One kilogram of fruit was attacked on average by 11 insects, including three to four
Coleoptera, six Diptera and one Lepidoptera. Thus, we reared on average one insect from 10 fruits, including one
Diptera from 14 fruits, one Coleoptera from 22 fruits and one Lepidoptera from 100 fruits. Only 72 out of the 326 plant
species hosted more than one insect per 10 fruits, and only seven species supported a density of greater than one insect
per fruit. Our results suggest that specialized insect seed predators are probably too rare to maintain the diversity of veg-
etation by density-dependent mortality of seeds as suggested by the Janzen–Connell hypothesis. Fruit weight, fruit vol-
ume, mesocarp volume, seed volume and fleshiness had no significant effect on the probability that a fruit would be
attacked by an insect frugivore. However, fruits attacked by Diptera were significantly larger and had larger volume
of both mesocarp and seeds than fruits attacked by Coleoptera and Lepidoptera.
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Insect frugivores may have an immediate impact on
plants due to direct and indirect seed mortality (Moore
2001). They may reduce viability of the enclosed seeds
(Janzen 1971; Herrera 1982) or open the way to subse-
quent attack by pathogens (Christensen 1972; Herrera
1982). Insect frugivores could be divided into groups
of pre-dispersal and post-dispersal seed feeders (directly
influencing mortality) and pulp feeders (possibly indi-
rectly influencing mortality).
The main pre-dispersal seed predator groups include

weevils (e.g. Janzen 1980; Lyal & Curran 2000, 2003;
Nakagawa et al. 2003; Pinzon-Navarro et al. 2010),
bruchids (e.g. Janzen 1980; Kergoat et al. 2005; Delobel
& Delobel 2006), moths (e.g.Nakagawa et al. 2003;
Hoddle & Hoddle 2008; Adamski et al. 2010; Brown
et al. 2014) and some wasps (Janzen 1979; Weiblen
2002), bugs (Slater 1972) and katydids (Tan 2011).
The most abundant post-dispersal frugivores are
drosophilid flies (Mitsui et al. 2010) and sap beetles
(Grimbacher et al. 2013), which are feeding on decaying
mesocarp and participating in decomposition of the

fleshy pulp. Some bruchids also attack seeds only once
the pulp is rotten or removed (e.g. by vertebrate frugi-
vores;Moore 2001). There are also insect groups associ-
ated with fallen fruit, including carabid or staphylinid
beetles, that are omnivorous, or predators attacking fru-
givores on fruits (Borcherding et al. 2000; Grimbacher
et al. 2013). Frugivorous insects that do not directly af-
fect seed mortality as they feed on pulp (i.e.mesocarp)
include flies, particularly tephritids (e.g.Novotny et al.
2005; Copeland et al. 2006; Raga et al. 2011), andmoths
(McQuate et al. 2000).

Fruit size plays an important role in shaping the
relationships of plants with both their predominantly
vertebrate and invertebrate dispersers or consumers.
Fruits may be attractive to herbivores because of their
high-nutrient resources (Grubb et al. 1998); it remains
unclear whether pulp evolved primarily as a reward for
dispersers (Mack 2000) or a mechanical protection of
the seed (Herrera 1982). Fleshy-fruited species have
lower seed predation rates than dry fruited species
(Janzen 1969; Herrera 1987; Wright 1990) as some seed
predators, for instance bruchid beetles, cannot penetrate
pulp in fleshy fruits. The fleshy-fruited species may
therefore be colonized only after dehiscence (in case of
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dehiscent fruits) or when the pulp is damaged by verte-
brate predators (Wright 1990) or decayed during the
post-dispersal phase. However, pulp size and composi-
tion also responds to vertebrate dispersers, often in the
form of correlated suites of morphological traits
representing syndromes generally associated with attrac-
tiveness to either birds or mammals (Janson 1983;
Lomascolo et al. 2010). There is thus a potential for
three-way interactions among plants, consumers and
dispersers, shaping fruit size.

Species with very large seeds may be adapted primar-
ily to dispersal by large animals rather than to protec-
tion against small predators (Grubb et al. 1998), their
nutrient resources being sufficient for successful germi-
nation even if they are partly consumed. However, large
seeds also represent an extraordinarily attractive target
for herbivores, unless they also contain high amounts
of crude fibres (Ramirez & Traveset 2010) or toxic
compounds (Janzen et al. 1977; Nahrstedt 1985) that
protect them from insects (Ramirez & Traveset 2010).
Small fruit and seed size may, on the other hand, act
as a limiting factor for insect frugivores, requiring a cer-
tain minimum amount of resources for development
(Center & Johnson 1974; Szentesi & Jermy 1995).
For instance, many bruchid species are unable to colo-
nize very flat seeds, in which the smallest dimension is
smaller than the size of adult beetles (Center & Johnson
1974; Szentesi & Jermy 1995). However, many plant
species with seeds of suitable size and shape are not
infested by bruchids, suggesting that other factors, such
as plant chemical defences, may be also important
(Szentesi & Jermy 1995).

We expected that frugivorous species aim to avoid
interspecific competition; therefore, we assumed that
the number of species, families and orders attacking in-
dividual plant species will be overdispersed, rather than
following Poisson distribution among plant species.
However, multiple frugivore species avoid competition
between larvae developing inside of the same fruit by
(i) spatial separation, with different species limited to,
for example, either pulp or seed (Janzen 1983); (ii)
temporal separation, specializing on either pre-
dispersal or post-dispersal phase (Pereira et al. 2014),
or even within the same phase of ripening (Janzen
1983); or (iii) the ability to share abundant resources
(pulp in particular) without competition (Wilson et al.
2012).

We expected that fruit size will have a significant effect
on composition of frugivorous communities. This ques-
tion has been rarely studied, and a single study by
Ramirez and Traveset (2010) focused on fruit traits
showed significant differences in traits of fruits preferred
by various beetle families and by Lepidoptera. Previ-
ously, we found (on a subset of the dataset presented
here) that fruit morphology influences whether a fruit
will be attacked by specialist or generalist weevils or

whether the fruit will remain unattacked (Ctvrtecka
et al. 2014). Other existing studies focus either on insects
feeding on a particular plant family (Nakagawa et al.
2003; Hosaka et al. 2009) or on a particular insect taxon
(Janzen 1980; Pinzon-Navarro et al. 2010; Grimbacher
et al. 2013). Our current study on the other hand offers
quantitative data on all three principal frugivorous
insect orders (Coleoptera, Diptera and Lepidoptera)
across a broad phylogenetically diverse selection of
plants from the entire local plant community in a
lowland rainforest. The aims of the study are (i) to
quantify the abundance and taxonomic composition
of frugivorous insects on individual plant species and
(ii) to analyse which plant species escape attack by
frugivores altogether.

METHODS

Study areas

The study was conducted from March 2008 to April 2009
in two areas approximately 100 km apart: (i) near the
villages of Baitabag, Mis and Ohu within a 20 × 10-km area
comprising a successional mosaic of disturbed and mature
lowland rainforest (5°08′–14′S, 145°7′–41′E, 50–200m a.
s.l., Madang Province, Papua New Guinea) and (ii) in a
relatively less disturbed forest near Wanang village (5°14′S,
145°11′E, 100m a.s.l.). Vegetation in these areas is similar
in species composition and has been classified as mixed ever-
green rainforest on Latosol with a humid climate and mean
annual temperature of 26 °C (described in detail by
Ctvrtecka et al. 2014).

Study design

Fruits were sampled by searching a 200 to 400-ha matrix of
mature and early successional forest at each site and by
collecting all plant species encountered in fruiting condition.
Sampling effort amounted to 1284 person-days of field work
(312 person-days per site in Baitabag, Mis and Ohu and 348
person-days in Wanang). Mature or nearly mature fruits were
collected from branches and the forest floor whereas
decomposing fruits on the ground were avoided. A collection
of fruits from an individual tree, shrub or liana on a particular
day represented a single sample unit for analysis. Individual
samples comprised from 1 to 1500 individual fruits and
weighed between 22 and 8311 g. We employed a functional
definition of individual fruit for the purpose of measurement
to encompass aggregate fruits arising from the fusion of adja-
cent carpels (e.g.Artocarpus and Ficus). For a subset of plant
species, basal area in a 50-ha forest dynamics plot at Wanang,
where all tree individuals with d.b.h.> 1 cm were measured
and identified (G. Weiblen, unpublished data), was used as
a proxy for local abundance. We were able to calculate basal
area for 218 species that were present in the plot out a total
of 531 plant species from which fruits were sampled.
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To investigate plant traits and fruit suitability for insect
development, we measured weight and volume of the whole
fruit, combined volume of seeds per fruit (in the case of
many-seeded fruits), volumeofmesocarpper fruit andfleshiness
(%of fruit volume representedbymesocarp).Oneor several ripe
fruits from each sample were cut along both axes and
photographed. Cross-sectional area of the fruit and the seed
were estimated for 268 species from diameter measurements
of the photographs using Adobe Photoshop, and the volume of
each was calculated as an ellipsoid (4/3×3.14×A/2×B/2×C/
2, where A, B andC are the length, width and height of the fruit,
respectively).

We collected all reared insects (rearing procedure described
in detail by Ctvrtecka et al. 2014), and quantitative data (i.e.
abundances) on Coleoptera, Lepidoptera and Diptera (except
Drosophilidae) were used in the current study. Drosophilidae
were excluded because they are mostly scavengers. For qualita-
tive analyses, all specimens (except Anthribidae (Coleoptera)
and Tephritidae (Diptera)) were assigned to morphospecies.
Tephritidae were not mophotyped because in our high-
throughput experimental design, it was not feasible to provide
emerging adults with opportunity to mature and express char-
acteristics required for species identification. Further, we were
not able tomophotypeAnthribidae as they includedmany cryp-
tic species. Cytochrome C oxidase subunit I (COI) sequences
(Wilson 2012; Miller et al. 2013; Miller 2015) of morphospe-
cies were analysed at the University of Guelph (www.
boldsystems.org) to verify our species identifications. We sam-
pled 540 Lepidoptera (490 successful sequences), 614 Coleop-
tera (426 sequences) and 190 Diptera (168 sequences),
representing 239 species. Data released on GenBank (accession
numbers GU695412–5, GU695431–2, GU695434–66,
GU695468–9, GU695504–46, GU695548–58, GU695561,
GU695575–80, GU695623–36, GU695639–701, GU695716–
7, GU695720–1, GU695745, HM376367–75, HM376381–4,
HM422448–56, HM902704–15, HQ947496–7, HQ956600–1
and HQ956613–4) include the standard fields for BARCODE
data, while more data including images and host plants are avail-
able on BOLD (www.boldsystems.org; Ratnasingham and
Hebert 2007, 2013), accessible using a DOI (dx.doi.org/
10.5883/DS-PNGFRUIT). Most confirmed morphospecies
were identified to species by A. Riedel and R. Thomson (Cole-
optera, Curculionidae); R. Rozkosny (Diptera: Stratiomyidae;
Rozkosny 2013); S. Kubik (Diptera: Chloropidae); M. Bartak
(Diptera: Neriidae); A. Whittington (Diptera: Syrphidae); S. E.
Miller and collaborators at the Smithsonian Institution inWash-
ington, DC (Lepidoptera).

Insect vouchers were deposited at the Smithsonian Institu-
tion and at the Papua New Guinea Agriculture Research Insti-
tute in Port Moresby. Fruit and plant vouchers were deposited
at the Papua New Guinea Forest Research Institute in Lae and
at the University of Minnesota Herbarium (J. F. Bell Museum)
in St Paul.Digital photographs and voucher information associ-
ated with fruit specimens were submitted to the New Guinea
Atrium digital herbarium (http://ng.atrium-biodiversity.org/
atrium).

Data analysis

Only plant species with a total sample weight of ≥1 kg and with
more than 50 individual fruits were included in the analyses
(n=326; while the other 187 plant species had too few fruits
sampled – see Ctvrtecka et al. 2014 for more details). These
thresholds represent a compromise between maximizing the
number of plant species analysed and the thorough sampling
of insect assemblages from every host plant species. We did
not assess seed mortality but rather calculated the density of in-
sects per fruit and per unit mass of fruit and the proportion of
infested plant species. We used variance tests (Schluter 1984)
and log-linear analysis of frequency tables to assess simulta-
neously whether insect taxa were associated with particular
plant species. We tested whether the distribution of insect
orders (and families) corresponded with the Poisson distribu-
tion, which would suggest that we cannot reject the hypothesis
that the likelihood of colonization of a plant species by a new
insect order (or family) is independent of the number of orders
already present on that plant. Standard statistical tests were
implemented in R.

RESULTS

In total, we analysed insects from 3088 samples
weighing 2758.8kg from 326 woody plant species
representing 58 families that were sufficiently sampled
by at least 50 fruits and weighing at least 1 kg in aggre-
gate per plant species. Details on sample sizes, total
number and list and ecological importance of all 531
surveyed plant species is described by Ctvrtecka et al.
(2014).

We reared 26130 individual insects representing three
orders (Coleoptera – Ctvrtecka et al. 2014; Diptera –
Table S1; and Lepidoptera – Sam et al., in prep.) from
263 plant species, that is, 80.7% of all sufficiently sam-
pled species (Table S1). We identified 64 species and
12315 individuals of Coleoptera, more than 58 species
and 12174 individuals of Diptera and 141 species and
1641 individuals of Lepidoptera. Note that only a smaller
subset of Tephritidae (Diptera) was identified into spe-
cies (28 species were barcoded and 30 morhotyped),
and we expect that the observed 8776 individuals may
comprise 30–100 species in total.

The proportion of plant species infested by insects did
not show a clear trend with the total weight of the fruit
sample and particularly with the number of fruits
collected per species, although the most massive and
most numerous sample categories exhibited the highest
proportion of attacked plant species (Fig. 1). Overall,
the fruits of 63 out of 326 plant species (i.e. 19.3%)
were not attacked by insects. The attacked species
(i.e. 263/326) included 33.4% of all plant species that
were attacked by a single insect order, 30% attacked by
two orders and 17.2% that were attacked by all three
(Coleoptera, Lepidoptera and Diptera; Fig. 2). The
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proportion of plants that escaped insect attack entirely,
as well as the proportion of plant species attacked by all
three orders, were higher than expected if the attacks
by individual insect orders were mutually independent
events (Fig. 2). A variance test (Schluter 1984) con-
firmed significant and positive association between in-
sect orders (P<0.001, variance ration 1.43, w=467,
d.f.=326), and the positive association between Diptera
and Coleoptera and Diptera and Lepidoptera was se-
lected as the best model in comparison with other possi-
ble combinations.

On a taxonomically finer scale, most plant species
were attacked by a limited number of insect families with
80.7% (i.e. 263/326) of species hosting one to five insect
families from a total of 25 frugivorous families recorded
(Fig. 3). The distribution of frugivore family and order
numbers per plant species was not significantly different
from a Poisson expectation.

Fruit weight, fruit volume, mesocarp volume, seed
volume and fleshiness did not have significant effects
on the probability that a fruit would be attacked by in-
sects (fruit weight: F1, 324=0.08, P=0.77; fruit volume:
F1, 324=0.06, P=0.79; seed volume: F1, 324<0.01,
P=0.98; mesocarp volume: F1, 324=0.11, P=0.74;
fleshiness: F1, 324=0.03, P=0.86; Fig. 4). However,
plant species with attacked fruits tended to have more
massive (18.2±2.3 vs. 16.8±2.3 g), and larger (229.7
±47.1 vs. 203.8±41.9cm3), fruit and mesocarp
(166.1±37.5 vs. 140.3±29.7cm3) volume, while hav-
ing similar seeds (63.7±11.1 vs. 63.2±16.7cm3).

Fruits attacked by Diptera were significantly larger
(KW-H(2, 469)=10.8, P=0.004; mean±SE=281.2
±57.8cm3) than fruits attacked by Coleoptera and
Lepidoptera (139.4±17 and 169.9±30.3cm3, res-
pectively). Similarly, fruits attacked by Diptera had
larger seeds (KW-H(2, 469)=10.91, P=0.004;
mean ±SE=79.7±13.4cm3) than fruits attacked by
Coleoptera and Lepidoptera (41.4±15.2 and 46.1
±12.6cm3, respectively) and had a larger volume of me-
socarp (KW-H(2, 469)=9.88, P=0.007; Diptera: 202.2
±46.2cm3; Lepidoptera: 123.8±37.6cm3; Coleoptera:
97.5±45.3cm3; Fig. 5).

Individual insect families followed a similar trend,
with all Diptera and the Coleoptera family Anthribidae
showing preferences towards larger (Fig. 6) and
heavier fruits with larger seed and mesocarp volume
than Lepidoptera families. All traits were closely corre-
lated (fruit size and fruit weight: r=0.90, P<0.001;
fruit volume and mesocarp volume: r=0.98,
P<0.001; fruit volume and seed volume: r=0.87,
P<0.001). Within Coleoptera, Anthribidae showed
preference for larger and heavier fruits with larger seed
than Curculionidae, while Curculionidae preferred
fruits with larger volume of mesocarp and higher flesh-
iness than Anhribidae. Individual Lepidoptera families
did not differ in their preferences for fruit size and

Fig. 1. The number of plant species attacked and not attacked by frugivorous insects (Coleoptera, Diptera and Lepidoptera) in cat-
egories of fruit sampleweight (a) and the number of fruits per sample (b) in PapuaNewGuinea. Percentages indicate the proportion of
plant species in each category that were attacked by frugivorous insects.

Fig. 2. Expected and observed probability of a plant species
to have fruits attacked by various combinations of insect orders,
on the assumption that insect orders attack plant species inde-
pendently from each other.
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weight but had various preferences for fruit fleshiness
(Fig. 6).
There were no significant differences among ma-

jor plant lineages in the proportion of attacked spe-
cies. In particular, eudicots, magnoliids and
monocots suffered similar rates of attack, as was
the case for core eudicots, rosids and asterids
within eudicots (Fig. 7). Plant species with fruits
attacked by insects were not significantly more
abundant in a 50-ha forest plot (Vincent et al.
2014) than plants that escaped attack (ANOVA;
F(1, 210) = 1.38, P=0.241, mean±SE number of
stems per attacked plant species = 755.6± 86.2 and
per unattacked plant species = 520.1± 1269.6).
However, plant species attacked by insects

representing two or three insect orders were signi-
ficantly more abundant (F(2, 169) = 3.39, P=0.048)
than plant species attacked by insects representing
a single order only. There was no significant rela-
tionship between density of insects (examined on
per-species basis) reared from a plant species and
abundance of the plant species in the forest plot.

Most of the 326 plant species exhibited low densities
of frugivorous insects (Fig. 8). Each average kilogram
of fruits was attacked by 10.7±2.36 (mean±SE) in-
sects, including 3.57±0.93 Coleoptera, 6.27±2.19
Diptera and 0.87±0.18 Lepidoptera. Thus, we reared
on average one insect from 10 fruits (average size of a
collected fruit=17.4±1.9g or 224.7±38.8cm3),

Fig. 3. Distribution of the number of insect families (a) and insect orders (b) attacking individual plant species, with expected values
for a Poisson distribution (line). The observed distribution was significantly different from Poisson distribution for the number of in-
sect families (x2 tests, P value is reported).

Fig. 4. Correlation (r=0.79, P< 0.001) between seed and
mesocarp volume for 327 plant species where fruits were or
were not attacked by frugivorous insects in Papua NewGuinea.
Neither mesocarp volume (F1, 324 = 0.35, P=0.24) nor seed
volume (F1, 324 = 1.19, P=0.41) had a significant effect on
the probability of infestation.

Fig. 5. Mean volume comprised by whole fruit, mesocarp or
seed in fruits in Papua New Guinea attacked by frugivorous in-
sects from different orders. Means (±SE) are shown for plant
species attacked by Coleoptera (n=132), Diptera (n=343)
and Lepidoptera (n=296). Note that values for plant species
with fruits attacked by multiple insect orders appear multiple
times in the dataset.
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including one Diptera from 14 fruits, one Coleoptera
from 22 fruits and one Lepidoptera from 100 fruits.
Only 72 of 326 plant species in total hosted more than
one insect per 10 individual fruits, and only seven spe-
cies supported densities of greater than one insect per
fruit (Leucaena leucocephala, Maniltoa schefferi, Pandanus
kaernbachii, Xanthophyllum papuanum, Planchonia
papuana, Kingiodendron alternifolium and Kingiodendron
novoguineense; Fig. 8). Observed median number of
fruits per insect was 29.5±SE 36.5. At the other ex-
treme, 40.1% of plant species supported densities of less
than 1 insect per 100 fruits.

DISCUSSION

Approximately half of all sampled (326 out of 531) and
80% of the well-sampled (i.e. 236) plant species were
attacked by insect frugivores. This is a very similar
proportion as in two Venezuelan data sets, with
42.9–47.6% of plant species attacked (Raimundez 2000
– reporting results regardless of sampling effort; Ramirez
& Traveset 2010 – reporting results with standardized
sampling effort 100 fruits per plant species). Results from
Kenya suggest a somewhat greater proportion of attacked
species (910 species represented by non-standardized

Fig. 6. Mean fruit volume and fleshiness (percentage of total volume comprised by mesocarp) in fruits in Papua New Guinea
attacked by insects. Means (±SE) are shown for plant species attacked by different insect families. Letters in front of family names de-
note insect order: C, Coleoptera; D, Diptera; L, Lepidoptera.

Fig. 7. Attack rate by frugivores on plant species within indi-
vidual plant taxa. Main figure: x2 =1.73, P=0.42, inserted
figure: x2 =0.88, P=0.64. The percentage of species attacked
by frugivore is given for each column.

Fig. 8. Density of all frugivorous insects, and individual in-
sect orders, in a Papua New Guinean lowland rainforest. Plant
species are ranked from highest to lowest insect density for 326
plant species with samples of >1 kg and greater than 50 fruits.
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samples, 57.5% attacked; Copeland et al. 2009). We
would like to point out that sampling effort can be impor-
tant in similar studies, as we could conclude that about
half of the sampled trees support frugivores, while a ma-
jority (80%) of well-sampled plants support frugivores.
Our findings that a large number of plants support very
low densities of frugivores also lend support for not in-
cluding poorly sampled species in these analyses. Other
differences between current and previously published re-
sults may be caused by habitats where fruits were sam-
pled. Results from Venezuela were based on rearings
from five different habitats (forest, gallery forest, forest–
savanna transition, savanna and secondary growth) in a
250-ha study area, representing a more heterogeneous
and yet local data set. InKenya, fruits were sampled from
forests and coastal vegetation in multiple geographic re-
gions from 1 to 3077m a.s.l., so that the results represent
a regional species pool rather than a community (Brown
et al. 2014). The dataset from Kenya included all
Diptera. Drosophilidae, as hyper abundant as individuals
and very abundant in species of flies in decaying fruit,
were included neither in the current dataset nor in afore-
mentioned studies. Thus, we believe that sampling effort
rather than exclusion of Drosophilidae from our dataset
is responsible for the observed variance. Diversity of
Drosophilidae inNewGuinea is huge (probably 700 spe-
cies; Carson &Okada 1982), and the hosts of very few of
those species are known, but based on studies from trop-
ical north Queensland in Australia, we expect that
Drosophilidae may attack about 51% of fruits, and that
a common species may be reared from more than one
(93% species) or even more than 10 plant families (Van
Klinken & Walter 2001).
Contrary to predictions (Leishman et al. 2000), themor-

phological fruit traits that we examined did not appear to
explain differential fruit predation by insects. This finding
agrees with the few comparable studies on the community
level (Ramirez &Traveset 2010)where the incidence of at-
tack by pre-dispersal predators was also generally indepen-
dent of fruit and seed dimensions. Similarly, Beckman and
Muller-Landau (2011) did not find a relationship between
fruit size and seed survival due to insect predation.
We observed that heavier and larger fruits with larger

seeds tended to be attacked more often in our sample.
Similarly, some pre-dispersal bruchid seed predators
were shown to preferentially oviposit on larger seeds
(Moegenburg 1996), and larger seeds with greater en-
ergy reserves were predicted to be positively correlated
with seed predation because of higher susceptibility to
greater variety of large and small weevil species in acorns
(Espelta et al. 2009). In contrast, a negative relationship
between seed mass and pre-dispersal predation was
found for five species of Piper by Greig (1993) or for
Leguminosae species whose smaller seeds were attacked
more by bruchids than larger seeds (Janzen 1969). All
aforementioned studies are hardly comparable as they

focused on whole fruit (e.g.Greig 1993) or seeds
(e.g.Ramirez & Traveset 2010) of various sizes and on
various predators. For example, some studies focused
on relatively small-seeded plants (Ramirez & Traveset
2010 – avg. fruit=4.15g; Greig 1993 – fruit=0.
05–6mg) in comparison with the large-seeded flora
(avg. fruit – 18g) sampled by us of NewGuinea (see also
discussion by Mack 1993).

Fruits attacked by Diptera were significantly larger
than fruits attacked by Coleoptera and Lepidoptera.
The host range of most Diptera species (except
Tephritidae, which were not identified to species, and
Drosophilidae, which were not sampled) was also ex-
tremely wide across plant lineages. We suggest that this
pattern reflects the extreme polyphagy of many Diptera
species, where numerous large fruit species were in-
cluded in the diet of Diptera (Ctvrtecka et al. 2014).
Similar polyphagy, where larvae are predominantly pulp
feeders and develop in ripening fruits with mature seeds,
has been reported for particular tephritid species
(Webber & Woodrow 2004; Wilson et al. 2012). This
feeding mode appears to have little impact on seed sur-
vival, but may affect fruit dispersers either positively or
negatively (Clarke et al. 2005; Wilson et al. 2012). In
contrast, coleopteran seed predators typically avoided
large-fruited species usually containing seeds protected
by strong and massive endocarp (Ctvrtecka et al. 2014).

The most frequently attacked plant species, with a
density of greater than one insect per fruit, include
three species from the family Fabaceae (M.schefferi,
K. alternifolium and K.novoguineense) with large seeds
and thin non-fleshy mesocarp. These tree species were
associated with four to five internal seed-eating weevil
species and with a different dominant seed predator in
each case. The fourth most attacked plant species,
L. leucocephala, was also a legume. This species, with
about 15–20 seeds per fruit, was attacked by external
seed-eating anthribids. Further two species, Pouteria
maclayana and X.papuanum, both with big-sized fruits
and massive fleshy mesocarp, and P.kaernbachii, with fi-
brous fleshy mesocarp and small seeds, were attacked by
flies from three different families, but particularly
stratiomyids. The last most attacked P.papuana with
middle-sized fruits and relatively thin mesocarp was es-
pecially attacked by one smaller-sized Dipteran species
from family Chloropidae.

In summary, gross fruit size, when characterized sim-
ply by volume, mass and fleshiness, appears to have no
predictable effect on the composition of frugivorous in-
sect communities. Fruit chemistry affecting palatability
and anatomical differences affecting the mechanical
properties of fruits add complexity to the picture. Our
results suggest that there may be universally unpalatable
plant species as well as others that are exceptionally suit-
able for all three insect orders. The combined assessment
of attack on fruits and seeds by all three principal insect
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orders confirmed the conclusion based on the study of in-
dividual orders (Ctvrtecka et al. 2014) that the infestation
rates of fruits are generally too low for frugivores in New
Guinea lowland rainforest to act as important density-
dependentmortality factorsmediating plant species coex-
istence as implied by the Janzen–Connell hypothesis
(Janzen 1970; Connell 1971). It may be possible that
the generally large-seeded flora of Papua New Guinea
(PNG) (Marck 2000; or at least its part studied here) is
primarily adapted to dispersers (i.e. to birds with prefer-
ences for large fruits) rather than to frugivorous insect.
The second important assumption of density-dependent
effect, for example, high rate of specialized seed preda-
tors, was also weak. The portion of specialists including
monophagous species and species feeding on congeneric
host plants decreased from 65% of weevil species
(Coleoptera;Ctvrtecka et al. 2014) to 26%of Lepidoptera
(Sam et al., in prep.) and to no specialized Diptera
(i.e. subset of Diptera analysed and identified into
species in current study). We suggest that this finding
mirrors food preferences of particular insect frugivorous
orders from prevailing seed eaters (Coleoptera) to com-
plete pulp eater species (Diptera).
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