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Abstract Rodents are among the most widespread
and problematic invasive animals on islands world-
wide contributing to declining endemic island biota
through predation and disruption of mutualisms.
Identifying what rodents eat is critically impor-
tant to understanding their effects on ecosystems.
We used DNA metabarcoding to identify the diets
of three invasive rodents in Hawaiian forests: house
mouse (Mus musculus), black rat (Rattus rattus), and
Pacific rat (Rattus exulans). These rodents primarily
eat invertebrates and plants, but previous diet studies
have provided only a limited understanding of the diet
breadth by relying on morphological identification
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methods. We opportunistically collected fecal sam-
ples from rodents trapped at seven forest sites across
O‘ahu, Hawai‘i for two years. Plant and invertebrate
diet items were identified from DNA extracted from
fecal samples using rbcL and COI primers, respec-
tively. Intact seeds were identified using a dissecting
microscope to quantify potential contributions to seed
dispersal. All rodent species ate primarily plants and
invertebrates of introduced species. However, some
native taxa of conservation importance were iden-
tified. Neither the rodent species nor the sites drove
patterns of diet composition, suggesting that diet vari-
ation may be determined by opportunistic foraging or
intraspecific variation. Black rat fecal samples con-
tained intact seeds more frequently than house mouse
samples, but surprisingly, when samples contained
seeds, black rats and house mice both defecated
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hundreds of introduced seeds, likely contributing to
seed dispersal. Conservation efforts targeting invasive
rodent control should specifically include house mice
and should monitor introduced prey items to prevent
predation release of unwanted introduced species.

Keywords Invasive rodents - Next-generation
sequencing - Hawaiian Islands - Seed dispersal - Seed
predation - Invasion biology

Introduction

Rats and mice are some of the most ubiquitous, suc-
cessful, and destructive invasive species globally, hav-
ing been introduced and established on all continents,
except mainland Antarctica and occupying>80% of all
major islands worldwide (Atkinson 1985). The house
mouse (Mus musculus) and three rat species (black rat,
Rattus rattus; Norway rat, Rattus norvegicus; Pacific
rat, Rattus exulans) are particularly abundant on islands,
where they often have detrimental effects on native
biota (Towns et al. 2006; Drake and Hunt 2009; Harper
and Bunbury 2015). Rodents impact ecosystems both
directly through predation and herbivory of native spe-
cies and indirectly through disruption of mutualisms,
such as pollination and seed dispersal (Traveset and
Richardson 2006; Drake and Hunt 2009; Aslan et al.
2013; Liang et al. 2022), ultimately resulting in extinc-
tions of native species on islands worldwide (Towns
et al. 2006; Jones et al. 2008; Drake and Hunt 2009;
Harper and Bunbury 2015). Owing to their omnivorous
diet, agile climbing, burrowing, and their prominent
incisor teeth, rats and mice consume a wide variety of
plants and animals and readily adapt to new environ-
ments (Landry 1970; Shiels et al. 2013). In forested
ecosystems, plants (fruits, seeds, leaves, and stems) and
arthropods are most commonly consumed, but rodents
also eat birds, lizards, snails, and other invertebrates
(Sugihara 1997; Shiels et al. 2013; Ceia et al. 2017).
Native forest composition has been altered through
invasive rodent predation of native plants (stems,
leaves, bark, seedlings), predation of native seed dis-
persers, and predation of seeds from fruiting plants
and the soil seed bank (Harper and Bunbury 2015).
The stems and bark of plants are often consumed in
higher quantities during times of drought when other
resources may be more scarce (Meyer and Butaud
2009). Fruits and seeds are particularly nutritious
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and therefore targeted by rodents for consumption.
On Pacific islands, fruits and seeds from many com-
mon large-seeded families (e.g., Arecaceae, Elaeocar-
paceae, Oleaceae, Rubiaceae, Santalaceae, and Sapo-
taceae) are readily depredated by invasive rodents,
destroying up to 99% of reproductive structures
(Meyer and Butaud 2009; Shiels and Drake 2011;
Harper and Bunbury 2015). In addition to suppress-
ing native species, rodents may facilitate the spread
of small-seeded invasive plants because some seeds
bypass the teeth and then remain intact while passing
through the digestive tract (Shiels and Drake 2011).

Rodents also disrupt native plant communities by
altering patterns of seed dispersal, but rodents are only
part of pervasive changes to island seed dispersal.
Avian and other mammalian native seed dispersers have
declined to the point of extinction or functional extinc-
tion on many Pacific islands (Farwig and Berens 2012;
Carpenter et al. 2020; Fernidndez-Palacios et al. 2021).
Identifying how introduced birds and mammals function
in the role of seed disperser is crucial to conserve native
plant dispersal. Previous work has shown that introduced
birds disperse some native plants, but that they primarily
disperse introduced plants (Mandon-Dalger et al. 2004;
Kelly et al. 2006; Culliney et al. 2012; Vizentin-Bugoni
et al. 2019). Determining the role that invasive rodents
play as potential seed dispersers will expand our under-
standing of these novel interactions and will highlight
where birds and rodents may be affecting seed dispersal
similarly or complementarily to each other.

Rats eat fruit and seeds and are sometimes seed
dispersers (passing intact seeds or hoarding and dis-
carding larger seeds), but rats can also be seed preda-
tors (eating or destroying the seed embryo), depend-
ing on the ecosystem and plant species (Traveset and
Richardson 2006; Drake and Hunt 2009; Shiels and
Drake 2011). Most studies on rodent seed dispersal
have focused on black rats, given their wide distribu-
tion, high consumption of fruits and seeds, and large
body size (Williams et al. 2000; Traveset et al. 2009;
Shiels and Drake 2011). The house mouse has pri-
marily been considered a seed predator or uninvolved
in seed dispersal due to its small size and inability to
consume larger intact fruits and seeds (Williams et al.
2000; Traveset et al. 2009). However, intact seeds
have been found in house mouse stomach contents,
indicating the possibility of seed dispersal of small-
seeded plant species (Shiels et al. 2013).
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Native invertebrate populations have been
supressed by invasive rodents and some species have
likely been driven to extinction on islands globally,
though explicitly linking invertebrate extinctions with
rodent predation is often difficult (St Clair 2011).
Arthropods in the orders Coleoptera and Orthoptera
and terrestrial snails are the primary taxa known to
have been suppressed and extirpated by invasive
rodents, and larger bodied invertebrates are particu-
larly vulnerable (Gibbs 2009; St Clair 2011). Lim-
ited information on island invertebrate communities
exists from before rodents were introduced; however,
several studies show dramatic increases in abundance
of invertebrates after rodent eradication and through
comparisons of islands with and without rodents
(Gibbs 2009; St Clair 2011; St Clair et al. 2011; Jones
et al. 2016). This suggests that rodent predation can
have a large negative impact on island invertebrates,
particularly on island communities that evolved
without terrestrial mammalian predators (e.g. New
Zealand, Hawai‘i, Seychelles, Balearic, and Canary
Islands, Gibbs 2009; Traveset et al. 2009; St Clair
2011).

Given the negative effects of invasive rodents on
native plant and invertebrate species, rodent control
and eradication are being implemented on islands
worldwide to assist in ecological restoration and
recovery of native species (Jones et al. 2016; Spatz
et al. 2022). Often rodent control and eradication
have the intended effect of releasing native species
from direct predation pressures, but species interac-
tions can lead to unintended outcomes (Zavaleta et al.
2001; Caut et al. 2007). Predation release of other
invasive species such as predatory snails (Meyer and
Shiels 2009), or invasive plants (Miller-ter Kuile et al.
2021) may have unintended negative consequences
for native species. Additionally, complex population
fluctuations may occur due to interspecific competi-
tion between rodent species that promote one rodent
species while controlling another (e.g., “competitor
release effect”), (Caut et al. 2007). These popula-
tion fluctuations can lead to additional unforeseen
conservation concerns particularly when species diet
impacts are unidentified. Identifying the composition
of invasive rodent diets can clarify complex interac-
tions with native and introduced species and help
conservation practitioners to avoid unintended nega-
tive outcomes (Zavaleta et al. 2001).

In the past, diets of invasive rodents have been
assessed using captive-feeding trials, identifica-
tion of stomach contents, and stable isotope analysis
(Shiels et al. 2013). Diet studies from wild-caught
rodents that visually examine stomach contents or
feces can usually identify plant material by general
categories (fruits, seed, leaves, and stems) and iden-
tify arthropods to the ordinal rank (Holechek et al.
1982; Moreby 1988). At these coarse-level taxonomic
ranks, it is difficult to assess alpha diversity and diet
composition and nearly impossible to identify soft
bodied, or closely related species (Holechek et al.
1982; Moreby 1988). DNA metabarcoding analyses
can now identify the genera and species of plants
and invertebrates from fecal samples, describing diet
composition at a much finer resolution (Chen et al.
2010; De Barba et al. 2014; de Sousa et al. 2019;
Jusino et al. 2019). Identifying taxa consumed by
rodents will shed new light on the impact invasive
rodents have on native ecosystems.

We used DNA metabarcoding on fecal samples
to assess the diets of three rodent species (house
mouse, black rat, and Pacific rat) present at seven
forested sites across the island of O‘ahu, Hawai‘i. The
sites were mesic to wet forest and differed in plant
composition and proportions of native/introduced
species (Vizentin-Bugoni et al. 2019). While invasive
rodents sometimes prey upon vertebrates to varying
degrees, invertebrates and plants comprise larger
proportions and higher frequencies of their diets on
islands globally (Shiels et al. 2014; Pomeda-Gutiérrez
et al. 2021). Particularly in forested ecosystems on
Hawai‘i, rodent diet studies examining stomach
contents have found that only 0-0.03% of stomachs
contained evidence of birds or lizards (Sugihara
1997; Cole et al. 2000; Shiels et al. 2013). Therefore,
our study focused on plants and invertebrates as
the dominant components of invasive rodent diets
although we note that vertebrates are regularly
detected using the primers we use for invertebrates
(JTF, unpublished data). The primary aim of this
study was to identify introduced and native plant
and invertebrate diet items of rodents at a fine
taxonomic scale. The following questions were
investigated: Do diets differ by rodent species, by
site, or by both? Do rodents defecate intact seeds
(potential seed dispersal) of native and introduced
plant species and if so, which rodents are responsible
for defecating the most seeds per fecal sample? We
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hypothesized that diet composition would differ by
rodent species due to dietary niche partitioning that
has been established using microscopic identification
of stomach contents (Shiels et al. 2013) and would
differ by site, due to the generalist, omnivorous
nature of rats and mice taking advantage of site-
specific resources. We also hypothesized that
rodents would defecate intact invasive seeds, with
black rat fecal samples containing the most intact
seeds, based on previous research that found black
rats readily defecated intact seeds while house mice
primarily destroyed seeds (Williams et al. 2000;
Shiels et al. 2013). Thus, we sought a more complete
picture of the diets, potential resource overlap, and
effects of rodents on the plants and invertebrates in
these forests, while also providing a new tool in our
understanding of the pervasive effects of invasive
rodents on food webs globally. We anticipate this
information on rodent diets will support conservation

managers in identifying potential impacts on plants
and invertebrates after rodent control and eradication
to ensure desired results.

Materials and methods
Study sites

Rodent fecal samples were collected at seven study
sites on O‘ahu, Hawai‘i (Fig. 1, additional site details
provided in Vizentin-Bugoni et al. 2019). All sites
were mesic to wet montane forests, with three sites
in the Ko‘olau mountain range (Moanalua Valley,
Mt. Tantalus, and upper Waimea Valley) and four
sites in the Wai‘anae range (‘Ekahanui Gulch,
Kahanahaiki Management Area, Mt. Ka‘ala Natural
Area Reserve, and Pahole Natural Area Reserve).
Hereafter the sites will be refered to as Moanalua,
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Fig. 1 Rodent fecal sampling locations on O‘ahu, Hawai‘i, 2014-2016. Site elevations (m) and rodent fecal sample sizes (n) are

included on the map
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Tantalus, Waimea Valley, ‘Ekahanui, Kahanahaiki,
Mt. Ka‘ala, and Pahole. Sites were managed by the
Hawai‘i Department of Land and Natural Resources,
Army Natural Resources Program of O‘ahu, and
Waimea Valley Hi‘ipaka LLC. The sites varied in
extent of plant invasion and ranged in elevation
from 108 to 1206 m (Fig. 1). Each forest contained
a mix of native and introduced grass, herbaceous,
shrub, and tree species. Flowering plant species
richness (where graminoids were lumped into a single
taxon) ranged from 21 to 46 species with 9-93% of
species introduced (‘Ekahanui 92.9% introduced,
Kahanahaiki 42.4%, Moanalua 92.0%, Mt. Ka‘ala
9.1%, Pahole 30.4%, Tantalus 65.7%, and Waimea
Valley 81.0%, Vizentin-Bugoni et al. 2019).

Hawai‘i lacks native rodents, thus all rodents
at these sites are introduced including the house
mouse, black rat, and Pacific rat. Norway rats occur
in low elevation populated areas of O‘ahu but were
not captured nor seen at any of the seven montane
forested sites. Body size differs among the rodents
present at the sites typically ranging from black rat
at 85-165 g, Pacific rats 23-60 g, and house mouse
12-39 g (Wilson et al. 2017). Shiels et al. (2013)
found rodent body size at Kahanahaiki was 124 +5 g
(mean + SE) for black rats, 52+4 g for Pacific rats,
and 12+1 g for house mice. Rodent control using
various traps and baits targeting rats occurred
intermittently at all sites except for ‘Ekahanui and
Waimea Valley but the extent and effect of these
efforts were not consistently quantified. Other
introduced mammals present in some sites include
feral pigs (Sus scrofa), Indian mongoose (Herpestes
Jjavanicus auropunctatus), feral dogs (Canis lupus
familiaris) and feral cats (Felis catus).

Field collection

Rodents were live trapped from November 2014 to
December 2016 across all sites, rotating among sites
once every seven weeks. House mice were trapped
using Sherman live traps (7.6X8.9x%22.9 cm) and
black and Pacific rats were trapped using Tomahawk
single door live traps (12.7x12.7x38.1 cm). Fifty
traps of each type were deployed on an approximately
25 m grid depending on topography and accessibility
at each site. Traps were baited with peanut butter and
coconut chunks at dusk and checked the following
morning. This study overlapped with a rodent

population study using mark-recapture technique;
therefore, rodents were released after identification.
Fecal samples were collected from traps using sterile
cotton swabs and stored inside sterile plastic sample
tubes or bags. Throughout processing and analysis,
one fecal sample was treated as all fecal particulates
left by a rodent individual during one trap night.
Fecal samples were frozen until analyzed. A total of
508 fecal samples from rodents were collected: house
mice (n=371), black rats (n=108), and Pacific rats
(n=29).

DNA metabarcoding
DNA extraction

DNA was extracted from fecal samples using a
Qiagen DNeasy PowerSoil DNA extraction kit
(Qiagen, Hilden, Germany). Extractions followed the
manufacturer’s instructions with a modification of 20
uL of proteinase K (20 mg/mL) added to each sample
and incubated for ~30 min at 65 °C following the
sample homogenization step to aid in the breakdown
of diet items.

Plant diet sequencing prep

Samples were prepped for metabarcoding for plant
diet analysis using a two-step PCR method. An initial
PCR was performed to amplify a 379 bp region of
the rbcL. gene using the following primer pair F:
5'-CTTACCAGYCTTGATCGTTACAAAGG-3; R:
5'-GTAAAATCAAGTCCACCRCG-3’ (Erickson
et al. 2017). Universal tails (UT) were added to these
primers to allow for the use of universal barcodes
in a second PCR reaction to dual index each sample
(Colman et al. 2015). The master mix for the initial
PCR contained 1X Platinum Taq II Green Master
Mix, 0.3 uM of each forward and reverse primers, and
2 uL of template DNA. The PCR was performed in
a 15 reaction under the following conditions: 1 cycle
of 95 °C for 4 min, followed by 35 cycles of 94 °C
for 20 s, 55 °C for 30 s and 72 °C for 1 min, with
a final extension of 72 °C for 5 min. Products were
visualized on a 1% agarose gel using a SybrSafe DNA
gel stain (Invitrogen).

A second PCR was then performed to add unique
indexes to each sample. Each 25 pL reaction con-
tained 2 pL of template (amplicons from initial PCR),
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1X Platinum Taq II Green Master Mix, and 0.4 uM
of each forward and reverse universal tail primer con-
taining a unique 8 bp index, as well as the Illumina
P5/P7 flow cell adapters. The thermocycling program
was as follows: initial denature at 98 °C for 2 min,
followed by 10 cycles of 98 °C for 30 s, 60 °C for
20 s, and 72 °C for 30 s, followed by a final exten-
sion at 72 °C for 5 min. Products were visualized on
a 1% agarose gel using a SybrSafe DNA gel stain.
Amplicons were purified using AMPure XP SPRI
paramagnetic beads (Beckman Coulter, Brea, CA)
and normalized with the SequalPrep Normalization
Plate Kit (Invitrogen). After pooling equal concentra-
tions of each sample, the library was sequenced on an
[lumina MiSeq instrument with a v2 500 cycle kit
(2x250 bp reads).

Demultiplexed sequencing reads were returned
from the sequencing center and were processed
and analyzed in QIIME2 (Bolyen et al. 2019). The
‘cutadapt’ command was used to trim off primers
from the sequences, followed by a denoising step
using the ‘dada2’ command. A Naive Bayesian
classification method was used to assign taxonomy
to sequences using the ‘classify-sklearn’ command
in QIIME2 (Bokulich et al. 2018). Taxonomy was
assigned to sequences using a reference database
downloaded from Bell et al. (2017).

Invertebrate diet sequencing prep

Samples were prepared for metabarcoding for inverte-
brate diet analysis using a similar two-step PCR pro-
cess as described for plant diets but using primers tar-
geting a 180 bp region of the COI gene (LCO11490:
5'-GGTCAACAAATCATAAAGATATTGG-3" and
CO1-CFMRa: 5'-GGWACTAATCAATTTCCA
AATCC-3'; Jusino et al. 2019). The master mix for
the initial PCR contained 1X Platinum Taq II Green
Master Mix, 0.16 pg puL~! Bovine Serum Albumen,
and 0.2 uM of each the UT-LCO11490 and UT-CO1-
CMFRa primers (Souza-Cole et al. 2022). The PCR
was performed in a 15 pL reaction, containing 2 uL of
DNA template under the following conditions: initial
denature at 94 °C for 5 min, followed by 35 cycles of
94 °C for 1 min, 60 °C for 90 s, and 72 °C for 1 min,
with a final extension cycle of 72 °C for 10 min. The
master mix and PCR cycling conditions of the second
PCR to add the dual-indexes and the Illumina flow
cell adapters were identical to the methods described
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above. After visualizing, purifying, normalizing, and
pooling amplicons as described previously, samples
were sequenced on the MiSeq Illumina platform with
a v2 300 cycle kit (2x 150 bp reads; Souza-Cole et al.
2022). Demultiplexed sequencing reads were pro-
cessed using QIIME2 as described above, with the
exception that the reference database used to assign
taxonomy to these sequences was created by down-
loading all animal sequences from the Barcode of Life
(BOLD) database (boldsystems.org; January 2019),
filtering out sequences that did not have a “COI-5P”
markercode, and then removing gap characters and
sequences< 100 bp (O’Rourke et al. 2020, 2022).
Sequences were then dereplicated using a least com-
mon ancestor consensus taxonomy method (Bolyen
et al. 2019).

Taxonomic classification

Taxonomic names assigned at all ranks were
compared to established Hawaiian species lists
maintained by the Bishop Museum (Nishida 2002)
and the Smithsonian Institution (Wagner et al. 2005).
Additionally, experts in Hawaiian botany (D. Drake
pers. comm.) and entomology (P. Krushelnycky pers.
comm.) familiar with the site locations reviewed the
taxonomy. If only one species of an identified genus
occurred at a given locality, the full species name was
assigned. Taxa that did not occur at the site location
were conservatively classified at a higher taxonomic
level to ensure names for all included taxa were
accurate. Our approach was thus conservative and
may miss novel species introductions.

Seed sorting

Of the total 508 fecal samples collected, 435 samples
(298 from house mice, 108 from black rats, 29 from
Pacific rats) were sorted and assessed for the presence
of intact seeds. A subset of the house mice samples
(298/371) was sorted while all black and Pacific rat
samples were sorted. Fecal samples were softened
with ethanol, dissected in sterile petri dishes, and
examined for the presence of seeds under a dissecting
microscope. A new dish and sterilized tools were
used for each sample. Any intact seeds (embryo of
seed undamaged) were counted and identified to
species through morphological identification and/or
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Sanger sequencing of the rbcL gene using the primers
described above. Seeds that were not identified after
these methods were exhausted were categorized as
unknown.

Statistical analyses

R software version 4.0.0 was used for all data
analyses in this study (R Core Team 2020). Data
used in diversity analyses was first rarefied to 2000
and 3000 sequences for invertebrate and plant diets,
respectively, to standardize sequencing depth of
samples (Bolyen et al. 2019). To assess differences
in diet alpha diversity by rodent species, Species
Accumulation Curves (SACs) were produced using
vegan package (specaccum function) for plant and
invertebrate diets (Oksanen et al. 2020). To determine
if the Permutational multivariate analyses of variance
(PERMANOVA) test was appropriate, an analysis
of multivariate homogeneity of variances was
performed (betadisper function). PERMANOVAs
were performed using the vegan package (ADONIS
function) to identify compositional differences in
plant and invertebrate diets by rodent species and
site (Oksanen et al. 2020). To parse out differences in
these comparisons, pairwise multilevel comparisons
were performed (pairwise.adonis function). All
p-values for multilevel comparisons were Benjamini-
Hochberg corrected and an alpha of 0.05 was used to
determine significance. To reduce the dimensionality
of diet composition for plants and invertebrates,
we used Principal Coordinate Analyses (PCoA)
comparing rodent species and sites produced using
base R (cmdscale function, (R Core Team 2020).
Ordinations were based on Jaccard dissimilarity index
using taxa occurrence data (presence or absence of
each assigned taxon; Anderson et al. 2011).

The effects of rodent species (factor, three level)
were modeled on seed count per fecal samples using
two models — a binomial model (with a clog-log link
function) and a negative binomial model (with a log
link function), similar to a hurdle model (glmmTMB;
(Brooks et al. 2017). We chose to break this analysis
up into two models given that 69% of the data were
zeros and there was overdispersion in the non-zero
count data (Zuur et al. 2010). The binomial portion of
the model addresses the probability of having seeds
or no seeds within a sample, while the count por-
tion addresses the number of seeds within a sample,

given you have at least one seed in the sample (Zuur
et al. 2010). We included location (binomial vari-
ance=1.285, count variance=0.359) as a random
effect in the models to control for spatial variation.
The conditional and marginal coefficients of determi-
nation for the binomial and negative binoial general-
ized mixed-effect models were claculated using the
MuMlIn package (r.squaredGLMM function).

Results
Plants in diets
Species composition

We identified 173 unique plant taxa in 465 rodent
fecal samples across all seven sites (Table 1 in
Appendix). Only 13% of these taxa were native to
Hawai‘i, whereas 45% were introduced and 42% were
of unknown origin. Fifty plant taxa were assigned to
species rank, 61 were identified only to genus, 45 to
family, 14 to order, 2 to class, and one only to phy-
lum rank. The five most frequently occurring fami-
lies for all rodent species were Melastomataceae
(n=327), Fabaceaec (n=259), Myrtaceae (n=259),
Arecaceae (n=223), and Rosaceae (n=187; Fig. 2).
Melastomaceae was found in 72% (253/353) house
mouse samples, 70% (60/86) of the black rat sam-
ples, and 54% (14/26) of the Pacific rat samples. We
identified 23 plant taxa that were assigned to native
Hawaiian plants including one family (Campanu-
laceae), 12 genera (Antidesma, Cyrtandra, Diospy-
ros, Korthalsella, Melicope, Myrsine, Peperomia,
Pittosporum, Pritchardia, Psychotria, Santalum, and
Scaevola), and 10 species (Alyxia stellata, Dianella
sandwicensis, Erythrina sandwicensis, Labordia tini-
folia, Nertera granadensis, Pipturus albidus, Plan-
chonella sandwicensis, Smilax melastomifolia, Vac-
cinium calycinum, and Waltheria indica). Three of
the taxa are indigenous, while the rest are endemic.
Substantially more introduced plant taxa were present
in rodent diets; 78 plant taxa were assigned to plants
introduced to Hawai‘i including 9 families, 29 gen-
era, and 40 species. Sequences from the remaining 72
plant taxa could only be assigned to taxonomic rank
higher than family so could not be classified as native
or introduced.
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Fig. 2 Frequency of occurrence (FO in percentage) of fecal
samples containing plant families (n=32 families) from house
mouse (top), black rat (middle), and Pacific rat (bottom) at
all site locations on O‘ahu, Hawai‘i from 2014 to 2016. The
origin of plant taxa within each family is identified as intro-
duced (black), mixed (dark gray) which includes families that

Alpha diversity
Mean taxa richness for plant species was 11.27 + 0.28

SE per house mouse fecal sample, 8.13 + 0.62 SE per
black rat sample, and 6.35 + 1.06 SE per Pacific rat
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contained both native and introduced taxa or taxa of unknown
status, and native (light gray). Data include non-rarefied taxo-
nomic identification. Families that were identified in less than
5% of all rodent species’ samples (n=47), and taxa identified
at taxonomic rank above family were excluded

sample. However, the sample sizes were limited for
black rats (n=68) and Pacific rats (n=23). Even for
the larger sample size of 331 house mice, the species
accumulation curve using plant taxa did not reach a
clear asymptote, indicating the high richness of plant
taxa in these rodent diets and that substantially more
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sampling is needed to capture the full diversity of
plants consumed (Supp. Figure 1).

Beta diversity

Plants in rodent diets had compositional differences,
with significant main effects of rodent species
(Jaccard; ADONIS: R?=0.01; P=0.001) and site
location (Jaccard; ADONIS: R?=0.08; P=0.001).
Samples did not distinctly visually cluster in the
PCoA analysis (Supp. Figure 2a); however, there were
significant differences between the diets of the house
mouse and black rat (Jaccard; pairwise ADONIS:
R?=0.01; P=0.0001), and between the house
mouse and Pacific rat (Jaccard; pairwise ADONIS:
R2=0.01; P=0.0001). The Pacific rat plant diet
was not different from the diet of black rat (Jaccard;
pairwise ADONIS: R?=0.01; P=0.240). Plant diet
samples for site location were distinctly clustered
in the PCoA (Supp. Figure 2b). All 21 pairwise
comparisons reflected significant diet differences by
site location (Jaccard; pairwise ADONIS: R? > 0.02,
all P <0.004; Supp. Table 1). The interaction between
location and rodent species was also significant,
indicating a pattern of rodent diet differentiation
within locations in addition to differentiation overall
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(Jaccard; ADONIS: R?=0.03; P=0.002). It must
be noted, however, that the first two principal
coordinate axes for both species comparisons and
site comparisons explained less than 14% of the total
variation.

Seed sorting

We sorted 435 fecal samples and counted 55,750
intact seeds, 98.8% of which were from Miconia
crenata (syn. Clidemia hirta) and found primarily
in house mouse and black rat fecal samples (Fig. 3).
Rodent fecal samples contained from 0 to 10,915
intact M. crenata seeds, averaging 257.3 seeds per
sample in the black rats (Fig. 3). Mamaki (Pipturus
albidus) was the only native Hawaiian seed identified
in the fecal samples and a total of 34 seeds were
found in two black rat samples. The probability that
black rat fecal samples would contain seeds was 0.49
(95% confidence interval (CI)=0.23-0.81; Fig. 4a)
significantly higher (P <0.001; Supp. Table 2) than
the probability that house mouse fecal samples would
contain seeds at 0.18 (CI=0.08-0.39; Fig. 4a). The
probability that Pacific rat fecal samples would
contain seeds was 0.30 (CI=0.11-0.67) which
was not different compared to the black rat or

Seed Species

. Miconia crenata

. Pipturus albidus
Psidium cattleianum
Rivina humilis
Rubus rosifolius

Unknown

Pacific rat
(n=29)

Fig. 3 Seed count per sample (seeds/n) for all intact plant species found in rodent fecal samples (note axis breaks). Pipturus albidus

was the only native species identified
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Fig. 4 The difference among rodent species across all sites in
O‘ahu in a the probability of a fecal sample (P(n)) containing
at least one seed and b the mean number of seeds in a fecal
sample (seeds/n), given at least one seed was found. Results

house mouse (Supp. Table 2). Contrastingly, when
comparing only samples that contained at least one
seed, there was no statistical difference in the number
of seeds per fecal sample between the house mouse
(275 seeds, CI=121-643) and black rat (336 seeds,
CI=151-745; Fig. 4b, Supp. Table 2). Samples
from Pacific rats contained very few seeds (17 seeds,
CI=4-73) which was significantly different when
compared to both black rat and house mouse samples
(P<0.001; Supp. Table 2).

Invertebrates in diets
Species composition

We identified 60 unique invertebrate taxa in 216
rodent fecal samples from the seven sites (Table 2
in Appendix). Only 10% of the taxa were native to
Hawai’i, whereas 43% were introduced and 47% were
of unknown origin. Of the 60 taxa, 11 invertebrates
were identified to species rank, 19 were identified
only to genus, 15 to family, 8 to order, 5 to class, 1
to phylum, and 1 only to kingdom rank. Lepidoptera
(butterflies and moths) was by far the most frequently
occurring order, present in 73% (137/188) house
mice samples, 73% (16/22) of the black rat samples,
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are based on modeled output from generalized linear mixed
models and 95% confidence intervals are shown. Rodent spe-
cies that share the same letter are not significantly different
(P<0.001, see Supp. Table 2 for details)

and 100% (6/6) of the Pacific rat samples (Fig. 5).
Diptera (flies) was the second most frequently
occurring invertebrate order, present in 36% (68/188)
house mouse samples and 36% (8/22) of black rat
samples. Six invertebrate taxa, one of which was
identified to family and five that were identifed
to genus came from taxanomic groups native to
Hawai‘i, including two genera of Lepidoptera
(Schrankia, Carposina), one family (Mycetophilidae)
and one genus (Dicranomyia) of Diptera, and two
genera of Achatinellidae (the Hawaiian land snails,
Auriculella and Elasmias). Twenty-six taxa were
assigned to invertebrate groups that were introduced
to Hawai‘i including 11 assigned to species rank,
12 only to genus rank, and 3 to family rank. The
remaining 28 invertebrate taxa had unknown origin
due to classification that was too broad to allow for
categorization as native or introduced.

Alpha diversity

Mean invertebrate taxa richness per sample was 4.10
=+ 0.13 for house mice, 3.15 + 0.38 for black rats, and
4.00 + 0.85 for Pacific rats. However, similar to the
plants, the species accumulation curve using inverte-
brate taxa did not show a clear asymptote, indicating
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Fig. 5 Frequency of occurrence (FO in percentage) of fecal
samples containing invertebrate orders (n=11) from house
mouse (top) and black rat (bottom) at all sites on O‘ahu,
Hawai‘i 2014-2016. The origin of invertebrate taxa within
each order is identified as introduced (black), mixed (dark
gray) which includes orders that contained both native and

the high variety of invertebrates in these rodent diets
and that substantially more sampling is needed to cap-
ture the full diversity of prey taxa (Supp. Figure 1).

Beta diversity

Invertebrate taxa in the diets of rodents signifi-
cantly differed by rodent species (Jaccard; ADONIS:
R%2=0.03; P=0.002) and site location (Jaccard,
ADONIS: R?=0.08; P=0.001). Although samples
did not distinctly cluster in the PCoA analysis (Supp.
Figure 3a), the diets containing invertebrates were

introduced taxa or taxa of unknown status, and native (light
gray). All invertebrate taxa identified to ranks above order
were excluded from this figure. Data include non-rarefied taxo-
nomic identification. All the six Pacific rat samples (100%)
contained only diet items of the order Lepidoptera

significantly different between the house mouse and
black rat (Jaccard; pairwise: R%=0.02; P=0.003).
The Pacific rat diet was not different from either
the house mouse or black rat, however, there were
four Pacific rat samples. Samples did not cluster in
the PCoA for site location comparisons (Supp. Fig-
ure 3b). Most sites were different from one another
with 13 of 21 pairwise comparisons revealing signifi-
cant diet differences (Jaccard; pairwise ADONIS: R?
> 0.02, all P<0.04; Supp. Table 1) and there was no
significant interaction between location and rodent
species.
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Discussion

Our study provides an in-depth assessment of
the diets of invasive rodents in O‘ahu forests and
suggests key conservation considerations for rodent
management. Our taxonomically detailed analyses
provide critical missing information to investigate
the potential impacts of rodents on Pacific islands
and beyond. DNA metabarcoding revealed that the
majority of taxa of plants and invertebrates consumed
by rodents were introduced as opposed to native
species; however, some native taxa of conservation
importance were depredated by the rodents. This is
starkly different compared to other metabarcoding
diet analyses for house mice and black rats on Atlantic
islands which found only 5-19% of diet items were
introduced (Pomeda-Gutiérrez et al. 2021; Pinho
et al. 2022), but aligns with previous morphological
studies in Hawai‘i (Shiels et al. 2013). We found only
weak support for diet differentiation among rodent
species and site locations, contrary to our hypothesis
of niche and geographic differences based upon non-
molecular studies (Shiels et al. 2013). However,
our sample sizes prevented rigorous examination
of these effects. The seeds of small seeded invasive
plants are readily defecated by black rats, consistent
with previous studies, and by house mice, contrary
to previous studies, with notable implications for
seed dispersal (Williams et al. 2000; Shiels 2010;
Shiels et al. 2013). Given the potential for house mice
to disperse invasive plants and the high numbers of
house mice captured, it is important to consider the
negative conservation impacts of house mice when
identifying rodent control and eradication goals.
Due to the considerable component of diet items
from introduced taxa in all rodent species’ diets, we
recommend careful monitoring of introduced species
after rodent control to ensure non-target introduced
species are not released from predation pressure and
causing additional detriment to native species (Caut
et al. 2007).

Plants in rodent diets
Invasive rodents are eating a wide diversity of

plant diet items primarily comprised of introduced
species. Of the 80 plant families identified, more
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than half were found in less than 5% of samples
from all rodent species’ fecal samples. The most
frequently occurring plant families in each rodent
species’ diet include prominent invasive plants
that in some cases account for the majority of
occurrences of that taxon (see Rubus rosifolius
in Rosaceae and Cinnamomum burmanni in
Lauraceae). Melastomataceae was molecularly
identified in 70% of all samples and was the
plant taxon most frequently occurring in samples
from each rodent species. Given the high species
prevalence of M. crenata at our sites and visual
detection of this species in most fecal samples,
it is likely M. crenata accounts for most of the
Melastomaceae molecular detections. There are
no native Hawaiian Melastomataceae species,
and species in the family, notably M. crenata and
M. calvescens, are some of the most invasive and
high priority species for management across the
islands (Baruch et al. 2000; O‘ahu Invasive Species
Committee 2022). All of the most frequently
consumed families, with the exception of Fabaceae,
include fleshy-fruited introduced plant species
that are known to be eaten by invasive rodents
(Shiels 2010; Shiels and Drake 2015; Hays et al.
2018). Native plant taxa of note include the family
Campanulaceae, genera Cyrtandra and Melicope,
and the species Labordia tinifolia each found in
1-2 fecal samples. While these occurrences are
low, each of these taxa include federally threatened
and endangered species and subspecies in Hawai‘i
(U.S. Fish and Wildlife Service 2022). Further
investigation to pinpoint the species is required
to identify if the consumed taxa are federally
protected.

Contrary to our hypothesis, rodent species and
location accounted for only a small portion of diet
variation. Based on previous rodent diet research on
O‘ahu, we anticipated diet differentiation by rodent
species, reflecting possible niche partitioning for
these sympatric invasive rodents (Shiels et al. 2013).
Metabarcoding can identify differentiation based
on the diet items, but this method cannot accurately
identify the proportion of diet material contributed by
each diet item, which was partially the basis for niche
differentiation in Shiels et al. (2013). Using meth-
ods that combine diet item identification with the
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proportion of each item in the diet, would allow for
more robust testing of differentiation by rodent spe-
cies, site location, and the interaction between these
two factors (Stapleton et al. 2022). A weak interaction
was found in our data between rodent species and site
location, suggesting that dietary niche partitioning
by species may be occurring at a given site, but that
the rodents are also taking advantage of the resources
available within that site based on opportunistic for-
aging. Further research and extensive sampling are
necessary to tease apart these factors.
Overwhelmingly, invasive rodents are defecat-
ing intact seeds of small-seeded invasive plants, pri-
marily M. crenata. This single species accounted for
almost all intact seeds counted. Shiels et al. (2013)
identified intact M. crenata seeds in 6.4%, 30.5%,
and 25% of house mice, black rat, and Pacific rat
samples, while our study found M. crenata seeds in
18.9%, 40.7%, and 3.4% of samples, respectively. Dif-
ferences in fruiting phenology, seasonality, and plant
composition may explain the variation between these
studies in M. crenata seeds identified in each rodent
species. Rubus rosifolius seeds were visually found
intact in samples from all three rodent species, and
the species was molecularly identified in nearly half
of samples. Mamaki was the only intact native seed
species identified within the fecal samples. Mamaki
possesses traits often considered “weedy”, small
widely-dispersed seeds and early successional growth
in disturbed sites (Drake 1998; Cordell et al. 2009).
This species was found in samples of all three rodent
species molecularly, but intact seeds were identified
only in black rat samples, possibly indicating that the
Pacific rats and house mice are depredating mamaki
seeds. All species found intact in the invasive rodent
samples (invasive M. crenata, R. rosifolius, Psidium
cattleyanum, and Rivina humilis and native mamaki),
are the same seeds commonly found intact within
bird seed dispersers on O‘ahu (Vizentin-Bugoni et al.
2019). Similar to the rodents, the main avian seed
dispersers in Hawai‘i are introduced species contrib-
uting to the spread of invasive plants and compound-
ing challenges to control these plants (Foster and
Robinson 2007; Pejchar 2015; Vizentin-Bugoni et al.
2019). That we identified these invasive seeds passing
through the rodents intact aligns with previous work
which found that M. crenata, Miconia calvescens, and

R. rosifolius seeds all successfully passed through rats
intact (Medeiros 2004; Shiels 2010; Shiels and Drake
2011).

Historically, invasive rats and mice have been
regarded primarily as seed predators (Clark 1982;
Campbell and Atkinson 2002; Towns et al. 2006;
Traveset et al. 2009); but research has identified
some contributions to seed dispersal through
transport to husking stations (McConkey et al.
2003; Hays et al. 2018), endozoochory (internal
consumption and intact seed deposition; (Williams
et al. 2000; Shiels 2010; Shiels and Drake 2011),
and discarding diaspores containing intact seeds
(Drake and McConkey 2021). This seed dispersal has
been primarily limited to Rattus spp., with Williams
et al. (2000) finding that house mice generally
destroyed seeds upon consumption, though intact
M. crenata seeds were identified within 6.4% of
house mice stomach samples by Shiels et al. (2013).
Surprisingly, our data show that while house mouse
fecal samples are less likely to contain intact seeds,
when samples did contain seeds, the number of
seeds was similar to the number of seeds in black rat
samples, likely contributing to the spread of invasive
plants. No native seeds were visually identified within
house mouse fecal samples, but native plants were
identified in house mouse fecal samples molecularly.
This suggests that any native seeds ingested were
depredated, aligning with previous studies using
molecular and non-molecular methods that have
identified house mouse seed predation on native
plants (Angel et al. 2009; Pinho et al. 2022). These
data, coupled with the high number of house mice
captured, indicate that mice may be having important
and negative impacts on native ecosystems through
the likely depredation of native seeds and dispersal
of invasive plant seeds, similar to observations from
other island systems (e.g., Angel et al. 2009; Pinho
et al. 2022).

Invertebrates in rodent diets

The invertebrate taxa found in diets of invasive
rodents on O‘ahu are primarily comprised of two
orders, Lepidoptera and Diptera. All rodent species
are eating Lepidoptera and this order includes the
highest diversity of genera and species identified
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in the fecal samples. Using visual identification of
prey in stomachs, Shiels et al. (2013) also identi-
fied Lepidoptera with high frequency of samples
from house mice and Pacific rats. In contrast, we
found a higher frequency of Lepidoptera in black rat
fecal samples (73%) compared to the 33.7% found
by Shiels et al. (2013) possibly because soft-bodied
Lepidoptera larvae can be difficult to identify through
stomach contents analysis. However, Pomeda-Gutiér-
rez et al. (2021) found 10% frequency of occurrence
for Lepidoptera in black rat fecal samples and 30%
frequency of occurrence for Diptera using similar
molecular approaches in the Canary Islands. This
climate and habitat are very different from Hawai‘i,
which may contribute to the different invertebrate
diets. Our frequencies of fecal samples contain-
ing Lepidoptera fall at the high end of the range of
frequencies identified by Cole et al. (2000) for both
house mice (37-78%) and black rat (38-100%) stom-
achs on Maui. We identified Diptera as the second
most frequently occurring order in house mouse and
black rat samples, but it did not occur in the few sam-
ples of Pacific rat we were able to analyze for the
invertebrates. Shiels et al. (2013) found very low fre-
quencies of rodent stomachs containing Diptera 8.5%,
2.1%, and 0%, for house mice, black rats, and Pacific
rats respectively, that also may be due to the chal-
lenges of Diptera identification in stomach contents.
However, Cole et al. (2000) found a range of 0-37.5%
of stomach samples contained identifiable Diptera.
The majority of the samples containing molecularly
identified Diptera contain species of Drosophila (fruit
flies), which may be consumed directly but are likely
incidentally consumed, possibly in egg or larval life
stages, as rodents consume fruits. Surprisingly, few
samples containing Coleoptera and no samples con-
taining Orthoptera were identified, which may be due
to degradation through digestion. This is contrary to
other studies examining stomachs and intestines that
have found rodent diets to readily include both orders
(Cole et al. 2000; Shiels et al. 2014; Ceia et al. 2017;
Pinho et al. 2022). Pinho et al. (2022) identified deg-
radation of invertebrate DNA through digestion,
which decreased detection in the intestines compared
to stomachs. Since our study examined rodent feces,
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further degradation may lead to decreasing detection,
particularly for invertebrates.

We identified 26 invertebrate taxa that were clas-
sified as introduced invertebrates and only six classi-
fied as native invertebrates. Many species of Hawai-
ian tree snails, including the entire Achatinella genus,
are threatened or endangered and precipitous popula-
tion declines have been linked in part to rat predation
(Hadfield and Saufler 2009). Of the six taxa classified
as native invertebrates, two were genera of Hawaiian
Achatinellid tree snails. Our data align with morpho-
logically identified trends of invasive rodents eating
introduced species previously reported on O‘ahu
(Shiels et al. 2013), but are at odds with studies on
Maui (Cole et al. 2000) and recent molecular studies
of the house mouse on other volcanic islands (Pinho
et al. 2022). The omnivorous and opportunistic
nature of invasive rodents likely take advantage of the
resources available and, therefore, these differences
in nativity of diet items may reflect the invertebrate
community at a given site. None of these studies, ours
included, surveyed the invertebrate community to
identify the potential source of this trend. Future diet
studies should include site surveys of possible food
resources to compare diet composition and resource
availability.

We found differences in the invertebrate
composition among rodent species and sites, but
these factors did not account for a large portion
of the variation in rodent diet composition. Again
this finding was contrary to our hypothesis and
previous studies (Shiels et al. 2013). This lack of
diet differentiation may be due to the generalist
omnivorous diets of successful invasive rodents or it
could be reflective of a high degree of intraspecific
diet variation (Landry 1970; Bolnick et al. 2011).
The strength of these comparisons was limited by
variation in samples at site locations and among
rodent species. In addition, the high species richness
we identified in each rodent diet, suggests that future
studies examining natural diet variation of such
omnivorous species may require very large sample
sizes to tease apart interspecific trends as well as
temporal effects.
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Limitations

Working with wild populations is key to establishing
the ecological impact of these invasive rodents. Using
diet data from free-ranging rodents increases variation
and introduces limitations. The uneven samples
sizes of rodent species across each site location
makes diet comparisons challenging. Particularly
the limited number of Pacific rat fecal samples may
have contributed to the lack of invertebrate and plant
diet differentiation. Past research, but also with small
sample sizes, suggests that the Pacific rat occupies
a dietary niche between the black rat and the house
mouse, potentially explaining these results (Shiels
et al. 2013). Nonetheless, we were surprised not to
see more differentiation between the Pacific rat diets
and those of the other species. Future research should
target Pacific rats to ensure robust comparisons
among rodent species. On the other hand, the limited
number of Pacific rats in our sampling suggests that
they play a much smaller role in these ecosystems
than black rats or house mice.

The use of DNA metabarcoding has greatly
expanded our ability to identify diet items at fine scale
taxonomic levels. However, we encountered some
limitations using this technique. We were not able to
assign all sequences to species, and therefore some of
our analyses compare diet items identified at broader
taxonomic ranks. As similar studies contribute to
fine-tuning both methodology (i.e., target genes and
primers) and expanding genetic reference libraries,
these limitations will diminish (Browett et al. 2020).
Additionally, sequencing reads were not used to
estimate abundance or proportion of diet material
in samples because primer mismatches and DNA
degradation during gut passage make sequencing
reads an unreliable measure of abundance (Stapleton
et al. 2022). We limited this potential for bias by
using conservative presence/absence measures (e.g.,
frequency of taxa in samples, Jaccard similarity
index) as opposed to read-based quantitative
measures. While rats have been associated with
declines in island vetebrates (Atkinson 1985; Towns
et al. 2006), invertebrates and plants comprise the
majority of invasive rodent diets on most islands
and particularly in forested ecosystems (Shiels et al.
2014; Pomeda-Gutiérrez et al. 2021). Since this work

focused on identifying the main components of rodent
diets, a primer set specifically targeting vertebrates
was outside the scope of the study. However, our
COI primers readily detect DNA from vertebrate taxa
(JTF, unpublished data), such as a rat depredating or
scavenging a bird, but none were found in the rodent
diets in our study. Muletz-Wolz et al. (2021) detected
bird DNA in rodent diets, suggesting that rodents in
our study were not eating vertebrates as a primary
food source. Future studies could use primers that
specifically target vertebrates to identify the degree
to which invasive rodents are scavenging or predating
vertebrate species.

Conservation implications

The conservation implications of this work include:
(1) house mice can defecate hundreds of intact
invasive seeds, similar to black rats, (2) invasive
rodents are largely eating introduced plants and
invertebrates, and (3) invasive rodents are consuming
some native Hawaiian species of conservation
concern including endangered snails. While house
mice are at least as ubiquitous on islands as other
invasive mammals, only a fraction of conservation
resources have been focused on mice compared to
rats, cats, and ungulates (Angel et al. 2009, but see
Polito et al. 2022). Particularly in areas with low or
non-existent rat populations, house mice can have
damaging and ecosystem-altering effects on islands
comparable to rats (Angel et al. 2009). Our study
suggests that both black rats and the house mice are
potentially dispersing the seeds of invasive plants,
likely contributing to the spread of problematic
species such as M. crenata. In many restoration
areas on O‘ahu and more broadly islands globally,
resources have been directed towards rat control, not
house mouse control (Howald et al. 2007). In fact, at
some of the sites included in this study, rat trapping
to reduce populations is employed. Anecdotally
mice are sometimes caught in the rat traps, but are
not specifically targeted for control and may in fact
increase in abundance when rats are removed (Barney
et al. 2021). Our research shows that house mice have
a surprising potential to disperse invasive plants,
emphasizing the need to control both mice and rats.

@ Springer



S. M. E. Gabrielson et al.

Seed dispersal was historically accomplished
by native birds but, with native frugivores largely
extinct, we need to understand how introduced spe-
cies function in this novel ecosystem (Foster and
Robinson 2007). Previous work has shown that intro-
duced birds partially fulfill the seed dispersal role by
dispersing small seeded native plants, but that most
dispersal is of introduced plants (Mandon-Dalger
et al. 2004; Kelly et al. 2006; Culliney et al. 2012;
Vizentin-Bugoni et al. 2019). Our work shows that
many of the most commonly detected introduced (M.
crenata, R. rosifolius) and native (mamaki) plants in
the bird diets are the same species found as intact
seeds in rodent fecal samples (Vizentin-Bugoni et al.
2019). These results further highlight the lack of
dispersal of large-seeded species and the relatively
small number of native species included in introduced
frugivore diets.

In light of ongoing rodent control work in
Hawai‘i and on other islands globally, increasing
our understanding of invasive rodent diets will help
managers target beneficial results of rodent control
and mitigate the potential for undesired outcomes.
While our study was able to identify native species
consumed by invasive rodents, we also found a need
for more extensive sequence databases in Hawai‘i for
metabarcoding of native invertebrate and plant taxa.
Metabarcoding reference library construction and
management is an essential component (Robeson
et al. 2021). Moreover, investing in the sampling
and taxonomic expertise required to build these
databases is paramount. We include here molecular
evidence that rats and mice are eating endangered
Hawaiian snails along with a handful of other native
invertebrates and plants. Rodent population control
and eradication are important conservation tools
used to reduce predation and herbivory pressure
on native species (St Clair et al. 2011; Spatz et al.
2022). However, rodent control and eradication
may create undesired outcomes if complex trophic
relationships among rodents and introduced plants
and invertebrates are not accounted for, leading to
predator release of additional introduced species
(Zavaleta et al. 2001; Meyer and Shiels 2009; Miller-
ter Kuile et al. 2021). Specifically, identifying trophic
interactions and the functional roles that invasive
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species play before control or eradication has been
recommended to reduce undesired ecological
changes (Zavaleta et al. 2001). This research
provides taxonomic details of rodent diets previously
undescribed and clarifies the functional role of house
mouse seed dispersal. By using information on diet
and functional role and monitoring impacts after
rodent control or erradication, desired outcomes can
be better targeted.
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