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Abstract In Hawaii, invasive plants have the ability
to alter litter-based food chains because they often
have litter traits that differ from native species.
Additionally, abundant invasive predators, especially
those representing new trophic levels, can reduce
prey. The relative importance of these two processes
on the litter invertebrate community in Hawaii is
important, because they could affect the large number
of endemic and endangered invertebrates. We deter-
mined the relative importance of litter resources,
represented by leaf litter of two trees, an invasive
nitrogen-fixer, Falcataria moluccana, and a native
tree, Metrosideros polymorpha, and predation of an
invasive terrestrial frog, Eleutherodactylus coqui,
on leaf litter invertebrate abundance and composi-
tion. Principle component analysis revealed that
F. moluccana litter creates an invertebrate commu-
nity that greatly differs from that found in
M. polymorpha litter. We found that F. moluccana
increased the abundance of non-native fragmenters
(Amphipoda and Isopoda) by 400% and non-native
predaceous ants (Hymenoptera: Formicidae) by
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200%. E. coqui had less effect on the litter inverte-
brate community; it reduced microbivores by 40% in
F. moluccana and non-native ants by 30% across
litter types. E. coqui stomach contents were similar in
abundance and composition in both litter treatments,
despite dramatic differences in the invertebrate
community. Additionally, our results suggest that
invertebrate community differences between litter
types did not cascade to influence E. coqui growth or
survivorship. In conclusion, it appears that an inva-
sive nitrogen-fixing tree species has a greater
influence on litter invertebrate community abundance
and composition than the invasive predator, E. coqui.

Keywords Biological invasions -
Bottom-up control - Eleutherodactylus coqui -
Leaf litter - Top-down control - Trophic cascade

Introduction

Invasive plant species, which have traits that are
distinctly different than those of native species, can
greatly change community structure and ecosystem
processes where they invade (Chapin et al. 1996;
Vitousek 1986). These changes are particularly likely
to occur in Hawaii, where native species have evolved
in soils with very low nitrogen (N) concentrations
(Goergen and Daehler 2001). Indeed, N-fixers have
been extremely successful invaders on infertile soils in
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Hawaii, where they have increased N inputs and
cycling rates (Hughes and Denslow 2005; Vitousek
and Walker 1989). The associated increase in N
availability has been found to increase the growth,
establishment, and spread of non-natives (Hughes and
Denslow 2005; Vitousek and Walker 1989), and
change the composition and activity of microbial
communities (Allison et al. 2006). All of these changes
can occur at the detriment of some native plant species,
which are relatively unresponsive to N and phosphorus
(P) addition (Ostertag and Verville 2002).

As an example, Falcataria moluccana [(Miquel)
Barneby and Grimes] is a rapid-growing, N-fixing tree
that was introduced from Indonesia in 1917 (Wagner
et al. 1990). This tree is currently invading the few
remaining native-dominated wet lowland forests in
eastern Hawaii (Hughes and Uowolo 2006). As a
result of the invasion, there has been an increase in N
and P availability in the soil (Hughes and Denslow
2005), litterfall rates (Hughes and Denslow 2005), and
leaf litter decomposition rates (Hughes and Uowolo
2006). Also, non-native N-fixing plants might alter
litter-based food chains, which are thought to be
classic examples of extreme bottom-up control (Pon-
sard et al. 2000). Many studies have found that
different plants support different litter invertebrate
organisms (Wardle 2002); therefore, non-native plant
invasions should alter invertebrate community abun-
dance and composition. However, relatively few
studies have examined changes in litter invertebrate
community composition as a result of non-native plant
invasions, and this could be particularly important in
Hawaii, where there are more than 5,000 endemic
arthropod species (Eldredge and Evenhuis 2002).

Bottom-up influences, however, do not prevent the
possibility of top-down influences at higher trophic
levels (Ponsard et al. 2000). Eleutherodactylus coqui
Thomas, a terrestrial frog endemic to Puerto Rico,
was accidentally introduced into Hawaii around 1988
via the horticulture trade (Kraus et al. 1999). This
species is of concern because it is able to reach
densities up to 89,000/ha in some locations in Hawaii
(Woolbright et al. 2006), and thus could be consum-
ing an estimated 675,000 invertebrates (mostly litter
invertebrates) ha™! night_1 (Beard 2007). Addition-
ally, research suggests that E. coqui can reduce
invertebrate prey (Beard et al. 2003; Sin et al. 2008;
Stewart and Woolbright 1996). Thus, its predation
effects on native invertebrates are of concern, and
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need to be determined. Alternatively, invasive plants
that alter the leaf litter invertebrate community
(Ponsard et al. 2000; Rosemond et al. 2001; Wallace
et al. 1999) may improve the prey base for E. coqui.
Thus, it also should be determined if litter resources
are an important factor contributing to the establish-
ment and abundance of E. coqui.

The objective of this study was to compare the
relative importance of litter resources, represented by
leaf litter of the non-native, F. moluccana, and the
native tree, Metrosideros polymorpha, and predation
of E. coqui on leaf litter invertebrate abundance and
composition in a Hawaiian lowland forest. Because
litter resources are expected to exert extreme bottom-
up control, we also investigate whether potential
changes in the invertebrate community cascade to
influence the growth and survivorship of E. coqui.
We also determine the relative importance of the two
leaf litter types and E. coqui on leaf litter decompo-
sition rates.

Methods
Study site

We conducted the experiment in a tropical wet forest
in the Nanawale Forest Reserve (NFR) on the Island
of Hawaii, USA (1928 N, 15454 W, 230 m
elevation). The site receives 3,000-4,000 mm of
precipitation annually, with peak rainfall occurring
between November and April (Giambelluca et al.
1986). The mean annual temperature is 23°C (Nullet
and Sanderson 1993) with little seasonal variation
(Price 1983). The site occurs on a rough a’a lava flow
substrate that is 400 years old (Wolfe and Morris
1996). Dominant overstory vegetation includes Psid-
ium cattleianum Sabine, M. polymorpha Gaud, and
F. moluccana. Understory dominants include Cibo-
tium sp., Melastoma candidum D. Don, and Clidemia
hirta (L.) D. Don.

Experimental design

To control the source pool of invertebrates and
environmental factors, we conducted a common
garden experiment, with a 2 x 2 full factorial design,
with leaf litter of overstory plants (F. moluccana or
M. polymorpha) and E. coqui (presence or absence)
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as the main factors (n = 10 for each treatment
combination). We conducted the experiment for 5
months, August through December 2005. We deemed
this length of time as sufficient because invertebrate
community responses to litter treatments in tropical
wet lowland forests (Heneghan et al. 1999) and
differences in leaf litter decomposition rates between
F. moluccana and M. polymorpha in Hawaiian wet
lowland forests (Hughes and Uowolo 2006) have
been observed within this time period.

We randomly placed a total of 40, 1-m> enclosures
constructed of PVC frame (2.5 cm diameter) and
covered on all sides with plastic mesh with
0.76 x 0.76-cm openings, (BF Products, Harrisburg,
Pennsylvania) in a 35 x 65-m area on the forest
floor. The mesh size allows passage of all leaf litter
invertebrates found on site (Beard, unpubl. data) and
prevents passage of adult E. coqui >26.2-mm SVL
(snout-vent length). There were smaller frogs at the
study site that could freely move into and out of the
enclosures. We could not exclude these frogs from
moving into the enclosures because they are similar
in size to many invertebrates found at the study site.
However, we found very few small frogs (often 6—
10 mm SVL) in the enclosures over the course of the
experiment. Light levels and temperature inside the
enclosures were not different from the surrounding
environment. We deemed the enclosure size appro-
priate because E. coqui have small territory sizes and
do not disperse over the course of several years
(Woolbright 1985), and studies have found this
enclosure size appropriate for measuring invertebrate
responses to frogs (Beard et al. 2003; Sin et al. 2008)
and leaf litter (Hansen 2000).

Leaf litter treatment

We collected newly senesced leaf litter from the
forest floor under F. moluccana and M. polymorpha
trees <1 km from the experimental site. We consid-
ered yellow or red M. polymorpha leaves (Austin and
Vitousek 2000) and yellow F. moluccana leaves on
the forest floor newly senesced. M. polymorpha
leaf size tends to be 5-10 cm® (Joel et al. 1994).
F. moluccana has bipinnately compound leaves;
leaflets (0.18-0.60 cmz), rachises, and petioles were
all considered part of the leaf (22-30 cm long)
(Jensen 1999). We placed air-dried leaf litter of
each species on the floor of 20 randomly selected

enclosures. Because M. polymorpha decomposes
slower than F. moluccana, we initially placed 150 g
of air-dried litter (136 g oven-dried) on the floor of
each enclosure, which is within the range of naturally
occurring M. polymorpha litter on the forest floor on
the Island of Hawaii (oven-dried mass: 92—
432 g m~?) (Crews et al. 2000). We added additional
litter (16 g, air-dried mass) weekly to the floor of the
enclosures, corresponding to a mean annual leaf
litterfall rate for F. moluccana of 7 Mg ha™" year™",
which is a faster rate than that for M. polymorpha
(0.25 Mg ha™' year™") (Hughes and Denslow 2005).

Frog treatment

We hand-captured frogs <1 km from the experimental
site. We placed seven frogs in each of 10 enclosures of
each litter type to approximate natural densities [from
a recent Hawaiian estimate of 28,000—89,000 frogs/ha
(Woolbright et al. 2006)]. To standardize treatments
and because male frogs are easier to identify than
female frogs, we used adult male frogs to control for
greater female growth rates (Woolbright 1989) and
prey consumption rates (Beard 2007). We marked
each frog uniquely using toe clipping, and weighed
and measured each frog. We removed all live frogs
from each enclosure between 2000 h and 2200 h at the
end of each month, and restocked the enclosures with
seven adult male frogs. We left dead frogs in
enclosures. We recorded growth [SVL to the nearest
0.01 mm using a digital caliper and biomass to the
nearest 0.01 g] and survivorship of E. coqui on a
monthly basis. We preserved removed frogs for
subsequent stomach content analysis, in which we
identified the invertebrates found in stomachs to order
(family when possible).

Invertebrate community sampling

We collected invertebrates from a leaf litter tray
(16 x 26 cm in area and 6 cm in height) every
2 weeks, and refilled the tray with an additional 20 g
of air-dried leaf litter (the species assigned to the
enclosure) in each enclosure. Trays had open tops, 15
openings (8 x 34 mm in area) on the sides, nine
openings on the ends (8 x 34 mm in area), and 72
holes (4.5 mm diameter) arranged ina 6 x 12 grid on
the bottom. The openings and holes were larger than
all leaf litter invertebrates. We extracted invertebrates
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from the leaf litter with Berlese-Tullgren funnels in the
laboratory within 2 h. We identified all invertebrates
collected to order (family when possible) and func-
tional group for analysis: fragmenters (Amphipoda,
Blattodea, Coleoptera, Dermaptera, Diplopoda, Gas-
tropoda, Isopoda, and Psocoptera), microbivores
(Acari, Collembola, and Diptera: Sciaridae), predators
(Araneae, Chilopoda, Coleoptera: Staphylinidae, and
Hymenoptera: Formicidae), and others (Coleoptera/
Diptera larvae, Coleoptera: Scolytidae, Diptera,
Heteroptera, Homoptera, Hymenoptera: other, Lepi-
doptera, Oligochaeta, Orthoptera, and Thysanoptera).
We based identifications on Borror et al. (1989).

Leaf litter decomposition rates and chemistry

We placed six decomposition bags (n = 240 total,
15 x 15 cm, 0.23 x 0.23 cm mesh size), containing
either 5 g of air-dried M. polymorpha leaves or 5 g of
air-dried F. moluccana leaves, on the forest floor in
each enclosure containing the same litter type. We
oven-dried 20 initial subsamples (5 g, air-dried) of
each litter type (n = 40 total) at 70°C and weighed the
subsamples to establish the relationship between air-
dried and oven-dried mass. After five months, we
removed the decomposition bags from the enclosures,
brushed them free of organic debris, oven-dried them
at 70°C, and weighed them. We then hand-collected
invertebrates from each decomposition bag, preserved
the invertebrates, and identified them to order (family
when possible) and functional group. We ground
decomposition bag contents and homogenized them
with a 2-mm mesh screen. We ashed a 05¢g
subsample from each decomposition bag overnight
at 500°C to develop an ash-free conversion factor
(Harmon and Lajtha 1999). We analyzed two addi-
tional 0.5 g subsamples from each decomposition bag
(n = 480) for total C and N using a LECO TruSpec
CN analyzer (LECO, St. Joseph, Michigan, USA), and
we corrected them for C and N contamination from
soil. We also analyzed the initial subsamples of each
litter type for total C and N, and lignin using the 72%
sulfuric acid procedure (Effland 1977).

Statistical analysis
To determine the effects of the treatments, litter

(M. polymorpha and F. moluccana) and E. coqui
(presence and absence), on the invertebrate
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community in leaf litter trays and decomposition
bags, we used a two-way factorial ANOVA with
repeated measures through time and a compound
symmetry covariance structure in a completely ran-
domized, split-plot design. We used a similar analysis
for E. coqui stomach contents, except we used a one-
way ANOVA without an E. coqui treatment.
Response variables for these analyses were abun-
dances of invertebrate orders (only data for those
comprising more than 3% of samples are presented
throughout), invertebrate functional group abun-
dances, and principal component (PC) values from
principal components analyses (PCA), when appro-
priate. We conducted a PCA on invertebrate taxa
abundances to reduce the dimensions of leaf litter
invertebrate samples, decomposition bag inverte-
brates, and E. coqui stomach contents. We tested
ordinations with a random permutation test. When the
test was significant, we present PC scores for axes
explaining >75% of the variation and loadings
between —0.1 and 0.1. We also conducted ANOVAs
using these PC scores as response variables. For all
ANOVAs, leaf litter type and frog (presence and
absence), as appropriate, were fixed factors and
enclosure was a random factor.

To determine E. coqui selection for each prey
taxon relative to the abundance of each prey taxon in
the environment (represented by leaf litter tray
samples), we used Jacobs’ prey electivity formula:
ei = (pi — pi)/((pi + p) — (2pipx)), where p; is the
proportion of each prey taxon in stomachs, and py is
the proportion of each prey taxon in the environment
(Jacobs 1974). Electivity values range from —1 to
+1, where negative values indicate avoidance of a
prey taxon, and positive values indicate preference.
Mean e¢; values <—0.70 and >0.70 for invertebrate
taxa are presented. We did not include adult Diptera
in this analysis because leaf litter trays are not likely
to adequately sample this order and results could
show a biased preference.

To test for differences in E. coqui growth, we used
a 2 x 5 factorial ANOVA with litter type as a fixed
effect and enclosures were subjects measured repeat-
edly over time; month (1-5) was a within subject
factor. The response variables were initial SVL and
initial biomass expressed as a proportion of SVL and
biomass, respectively, after one month; analyses
conducted on differences in SVL and biomass not
as a proportion showed similar results. We used a
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generalized linear model with a binomial distribution
to test for differences in E. coqui survivorship. The
response variable was the proportion of frogs that
survived one month.

To test for differences in the fraction of leaf litter
biomass remaining in decomposition bags, C and N
concentrations, and CN ratio of decomposed litter, we
used a two-way factorial ANOVA with a heteroge-
neous variance structure. We compared the C and N
concentration and CN ratio of initial subsamples to
that of decomposing litter using a one-way ANOVA
for each litter type, with litter state (initial and
decomposed) as fixed factors. We used a two tailed 7-
test to compare C, N, and lignin concentrations,
percent moisture, and CN ratio between litter types in
initial subsamples.

We conducted ANOVAs using PROC MIXED for
all variables except for frog survivorship, which we
conducted using PROC GLIMMIX, and we conducted
t-tests using PROC TTEST in SAS/STAT v. 9.1.3 for
Windows (SAS Institute 2006). We conducted PCAs
using the pca function with a covariance matrix in the
labdsv library R 2.0.1. To meet assumptions of
normality and homogeneity, we logit-link transformed
frog survivorship and inverse-square root transformed
CN ratio. We considered P < 0.05 significant, except
for invertebrate samples, where we considered
P < 0.10 significant because we suspected high spa-
tial and temporal variability (sensu Holmes and
Schultz 1988).

Results
Invertebrate communities

We collected and identified a total of 97,541 inver-
tebrates from enclosure leaf litter trays; samples
across litter types and frog treatments mostly
consisted of Isopoda (66%), Amphipoda (11%),
Collembola (6%), Acari (5%), Coleoptera and Dip-
tera larvae (5%), and Hymenoptera: Formicidae
(3%). PCA showed there were differences among
treatments (ordtest: P = 0.0001; Fig. 1). PC1 loaded
negatively on Isopoda (—0.98) and Amphipoda
(—0.17), and the ANOVA on PC1 scores showed
that there were more Amphipoda and Isopoda in
F. moluccana than M. polymorpha (litter, F,, g =
88.50, P < 0.0001).
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® F. moluccana with E. coqui
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Fig. 1 Principal components analysis of invertebrates col-
lected from semi-monthly leaf litter samples of Falcataria
moluccana and Metrosideros polymorpha in enclosures with
and without Eleutherodactylus coqui, Island of Hawaii, USA,
2005. Means were calculated by averaging samples across time
(10 time periods) for each enclosure, and then averaging across
treatments (n = 10 enclosures per treatment). Variance
explained by PC1 and PC2 in parentheses

ANOVAs show that fragmenter (Fig. 2a; litter,
F136 = 97.45; P < 0.0001) and predator abundance
(Fig. 2b; litter, Fy 36 = 15.44, P = 0.0004) was 400%
and 200% greater, respectively, in F. moluccana than
in M. polymorpha, but E. coqui had no effect on their
abundance. We determined that 99% of the fragment-
ers were non-native (one Isopoda species, Porcellio
laevis, and one Amphipoda species, Talitroides top-
itotum, D. Preston pers. comm.), and that 93% of the
predators were non-native ants (Hymenoptera: Form-
icidae, R. Snelling, pers. comm.). When we repeated
the predator analysis with only ants, we found that ant
abundance was 200% greater in F. moluccana than in
M. polymorpha (litter, F; 35 = 15.32, P = 0.0004),
and 30% lower with E. coqui across litter types (frog,
Fi36 = 3.06, P = 0.091). ANOVAs also show that
there was a 40% microbivore reduction with E. coqui
in F. moluccana (Fig. 2c; litter x frog, Fy 36 = 4.52,
P = 0.040). Of the microbivores, 52% were Collem-
bola and 46% were Acari, which both had origin status
(native or non-native) that we were unable to
determine.

Analyses conducted on individual orders suggest
that Amphipoda, Collembola, Isopoda, and Coleop-
tera/Diptera larvae were all greater in F. moluccana
than in M. polymorpha, and that E. coqui reduced
Collembola in F. moluccana (litter x frog,
Fi136 =3.92, P = 0.056), reduced Hymenoptera:
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Fig. 2 Mean number of (a) 500 1 60
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Treatment

Formicidae across litter types, and increased Cole-
optera/Diptera larvae across litter types (Table 1).

Frog prey, growth, and survivorship

We identified 1,411 invertebrates from 358 E. coqui
stomachs. Dominant prey items included Amphipoda
(45%), Coleoptera: Scolytidae (10%), Hymenoptera:
Formicidae (7%), Diptera (6%), Coleoptera (5%),
and Isopoda (5%). PCA showed there were no
differences among treatments (ordtest: P = (0.68;

Fig. 3). Furthermore, ANOVAs showed no differ-
ences between litter types for abundances of
functional groups or invertebrate orders (Table 2).

Electivity analysis suggests E. coqui prefer Am-
phipoda in F. moluccana (0.72) and M. polymorpha
(0.73), avoid Isopoda in F. moluccana (—0.94) and
M. polymorpha (—0.95), and avoid Coleoptera/Dip-
tera larvae in F. moluccana (—0.70).

Mean monthly E. coqui biomass decreased by
0.03 £0.009 g and SVL increased by 1.01 &
0.001 mm, and the mean proportion surviving monthly

Table 1 Mean invertebrate abundance (+SE) for leaf litter invertebrate orders comprising >3% of total invertebrates in leaf litter
samples from enclosures with Falcataria moluccana and Metrosideros polymorpha, with and without Eleutherodactylus coqui

Order: Family

F. moluccana

M. polymorpha

E. coqui No E. coqui E. coqui No E. coqui
Acari 11.51(1.34)"4 14.86(1.81)** 14.04(5.95)"4 8.77(2.09)*
Amphipoda 48.45(7.65)4 41.14(4.20)** 9.76(1.26)%4 8.15(1.38)%*
Coleoptera/Diptera larvae 18.75(1.81)** 14.77(1.48)*B* 6.52(0.59)%4 5.75(0.75)%"

Collembola

Hymenoptera: Formicidae
Isopoda

Total

11.58(3.15)~4

9.68(1.12)~4
237.14(23.24)44
350.56(25.14)A4

24.62(5.85)A4
13.64(2.79)4B*

278.41(31.271)~A
401.45(29.97)~4

11.84(5.29)8A
4.02(1.32)%4
63.84(9.37)B4
116.38(7.70)%

8.24(3.82)8"A
5.98(0.90)5-B"
64.69(8.89)%4
106.95(7.57)%4

The first letter in superscript indicates a significant difference by litter treatment. The second letter indicates a significant difference
by frog treatment. Significant interactions are discussed in the text. In all cases, P < 0.05, except when noted, * P < 0.10
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Fig. 3 Principal components analysis of invertebrates found
in Eleutherodactylus coqui stomachs from enclosures with
Falcataria moluccana (n = 10) and Metrosideros polymorpha
(n = 10) leaf litter. Mean number of individuals in each
invertebrate order was determined for all frogs surviving monthly
(n = 5 months) in each enclosure, Island of Hawaii, USA, 2005.
Means were calculated by averaging stomach contents across
time for each enclosure, and then averaging across treatments.
Variance explained by PC1 and PC2 in parentheses

Table 2 Mean invertebrate abundance (+SE) for leaf litter
invertebrate functional groups and orders comprising >3% of
total invertebrates in Eleutherodactylus coqui stomachs from
enclosures with Falcataria moluccana and Metrosideros
polymorpha

Functional group F. moluccana M. polymorpha

Order: Family n=177 n =182
Fragmenters 1.99(0.22)  1.94(0.30)*
Amphipoda 1.67(02D)"  1.50(0.26)*
Coleoptera 0.09(0.05)*  0.17(0.09*
Isopoda 0.17(0.05)*  0.14(0.04)*
Microbivores 0.16(0.06)  0.19(0.05)
Collembola 0.09(0.04)*  0.15(0.05)*
Predators 0.43(0.22)"  0.23(0.06)*
Hymenoptera: Formicidae 0.37(0.22)*  0.20(0.06)*
Other 0.71(0.12)*  1.33(0.33)*
Coleoptera: Scolytidae 0.14(0.05)*  0.74(0.32)*
Diptera 0.20(0.06)*  0.28(0.08)"
Total 3.50(0.31)*  3.97(0.36)*

A different letter in superscript indicates a significant
difference by litter treatment (P < 0.10)

was 0.51 £ 0.03. There was no difference in propor-
tional biomass change (litter, F; ;3 = 1.07, P = 0.31),
proportional SVL change (litter, F ;5 = 0.19,
P = 0.67), or survivorship (litter, F 1646 = 0.25,
P = 0.62) between frogs placed in the two litter types.

Leaf litter bag chemistry, invertebrates,
and decomposition

Initial F. moluccana samples had a lower C concen-
tration and CN ratio, and higher N and lignin
concentration than initial M. polymorpha samples
(Table 3). There was no difference between air-dried
to oven-dried moisture content between the two litter
types (Table 3). CN ratios were lower in decomposing
litter than in initial subsamples in F. moluccana (litter
state, F'j 33 = 312.81, P < 0.0001) and M. polymor-
pha (litter state, F; 33 = 803.54, P < 0.0001).

We identified 18,178 invertebrates in the decom-
position bags, which consisted primarily of Isopoda
(52%), Acari, suborder Oribatida (19%), Amphipoda
(10%), Hymenoptera: Formicidae (9%), and Coleop-
tera: Scolytidae (4%). PCA showed there were no
differences among treatments (ordtest: P = 0.52).
ANOVAs showed that there were more microbivores
and predators, and more specifically, Acari: Oribat-
ida, Coleoptera: Scolytidae, and Hymenoptera:
Formicidae, in M. polymorpha decomposition bags
than F. moluccana decomposition bags (Table 4).
There were no differences in the invertebrate com-
munity with and without frogs by abundances of
functional groups or invertebrate orders in the
decomposition bags (Table 4).

F. moluccana leaf litter decomposed more rapidly
than M. polymorpha (litter, F),o; = 18.10, P =
0.0004). M. polymorpha decomposed faster with
E. coqui, but there was no statistical support at our
criterion level (litter x frog, Fy,3 =4.07, P =
0.059), whereas decomposition for F. moluccana
with and without E. coqui was non-significant
(litter x frog, F; 15 = 0.02; P = 0.89).

Table 3 Mean initial chemical characteristics of Falcataria
moluccana and Metrosideros polymorpha litter

Litter chemistry F. moluccana M. polymorpha

n =20 n =20
%C 50.26(0.09)* 52.53(0.25)8
%N 1.82(0.03)* 0.42(0.006)®
C:N 27.77(0.42)* 126.10(1.98)%
% Lignin 39.57(0.68) 32.83(0.56)"
% Moisture 10.84(0.42)" 9.63(0.65)

A different letter in superscript indicates a significant
difference (P < 0.05) between litter types

@ Springer



852

N. C. Tuttle et al.

Table 4 Mean invertebrate abundance (+SE) for leaf litter
invertebrate functional groups and orders comprising >3% of
total invertebrates in decomposition bags from enclosures with

Falcataria moluccana and Metrosideros polymorpha, with and
without Eleutherodactylus coqui

Functional group F. moluccana

M. polymorpha

Order: Family E. coqui No E. coqui E. coqui No E. coqui
Fragmenters 50.35(7.97)* 53.60(9.68)* 48.93(6.82)* 41.95(5.08)"
Amphipoda 7.13(0.78)* 7.83(1.29)* 9.28(1.43)" 7.28(1.25)*
Isopoda 41.82(7.7DH)* 44.93(8.96)* 38.42(6.40)* 33.55(4.37)*
Microbivores 12.40(2.02)* 10.37(3.29)* 20.34(3.54)® 16.85(2.55)8
Acari 12.31(2.02)* 10.05(3.30)* 20.16(3.52)B 16.73(2.57)®
Predators 5.20(1.06)» 4.02(1.0DH)* 14.12(4.21)8 8.59(2.07)®
Hymenoptera: Formicidae 4.52(0.96)* 3.47(0.9D)" 13.28(4.11)®8 7.99(2.09)8
Other 3.57(0.71)" 2.47(0.58)" 7.16(2.80)* 8.06(4.63)*
Coleoptera: Scolytidae 1.35(0.53)* 0.58(0.20)* 4.58(2.48)" 6.52(4.57)%"
Total 71.20(9.48)* 70.47(13.40)* 83.85(11.14)" 74.24(9.73)A

A different letter in superscript indicates a significant difference by litter treatment. There are no differences by frog treatment. In all

cases, P < 0.05, except when noted, * P < 0.10

Discussion

Our results suggest that litter resources of invasive
plants have the potential to have a much greater
impact on invertebrate abundance and community
composition than the direct and indirect effects of a
highly abundant invasive insectivore, such as
E. coqui. More specifically, the findings show that
F. moluccana leaf litter creates a very different
invertebrate community than M. polymorpha leaf
litter in the lowland forests of Hawaii, and that
E. coqui did not have an effect of similar magnitude
on the invertebrate community. In addition, we found
that F. moluccana litter not only had the ability to
change the invertebrate community, but also had the
ability to greatly increase the abundance of non-
native invertebrates.

More specifically, we found that F. moluccana
increased litter fragmenter abundance by 400% (99%
of which were non-native Isopoda and Amphipoda)
and non-native predaceous ant (Hymenoptera: Form-
icidae) abundance by 200%. Because we controlled
for initial litter biomass, and samples were collected
frequently (every 2 weeks), the most parsimonious
explanation for this increase is the greater N and P
concentrations, lower CN ratio, and greater leaf
surface area per unit of litter biomass of newly
senesced F. moluccana leaf litter compared to
M. polymorpha (Hughes and Uowolo 2006).

@ Springer

In general, E. coqui had little effect on the litter
invertebrate community, even though a diet study
suggests that they mostly consume litter invertebrates
in Hawaii (Beard 2007). Exceptions include a 40%
decrease in microbivore abundance in F. moluccana,
which likely resulted from a 54% decrease in
Collembola abundance, and a 30% decrease in non-
native ant abundance across litter types. E. coqui also
caused a 19% increase in Coleoptera/Diptera larvae
across litter types. This may have occurred because
this group largely feeds on frog carcasses.

Because there are many endemic invertebrates in
Hawaii, it would be important to know whether these
effects influence endemics. However, it is difficult to
determine from our study the net effect of E. coqui on
endemic Collembola in F. moluccana because, com-
pared to M. polymorpha, F. moluccana increased
Collembola abundance, and we could not determine
the origin (i.e., native or non-native) of species in this
order. E. coqui predation of non-native ants may
benefit endemics, as ants are known to have a
negative effect (i.e. predation and competition) on
endemic invertebrates (Gillespie and Reimer 1993);
however, our study did not permit such a comparison.
Finally, we do not know the origin of Coleoptera and
Diptera larvae, thus we do not know whether native
or non-native larvae increased with E. coqui;
although we could identify larvae in the family
Culicidae (mosquitoes) because they are so distinct,
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and know that none of the larvae in our samples were
in this family, which would be a result of significance
in Hawaii (Beard and Pitt 2005).

Frog prey, growth, and survivorship

Prey items in E. coqui stomachs were surprisingly
similar in F. moluccana and M. polymorpha litter,
despite dramatic differences in invertebrate abun-
dances. The lack of an increase in prey items in
E. coqui stomachs with increased invertebrates in
F. moluccana may have occurred because prey were
not limiting in the enclosures; E. coqui was not able
to utilize the increase in resources; or prey prefer-
ences created similar diets in the two litter types.
Because we found no difference in the invertebrate
taxa in E. coqui stomachs across litter types, the 54%
reduction of Collembola in F. moluccana with
E. coqui is, in part, likely due to indirect effects,
such as a behavior response of Collembola to E.
coqui or through a trophic cascade with another prey
item.

Electivity analyses suggest that E. coqui prefer
Amphipoda and avoid Isopoda across litter types. We
might have expected prey preferences (i.e. for Am-
phipoda) to translate to differences in invertebrate
abundances across litter types with E. coqui. However,
it is likely that litter type masked these effects because
following Isopoda, Amphipoda was the order second
most influenced by litter type. The other preference
may not be expected to result in differences with E.
coqui across litter types because it was an avoidance.
For example, Isopoda was a small portion (5%) of their
diet across litter types, even though it accounted for
66% of invertebrates collected from litter trays, and
was four times more abundant in F. moluccana than
M. polymorpha (Table 2).

Invertebrate community differences between litter
types also did not influence E. coqui growth or
survivorship. We expected that E. coqui growth and
survivorship to be higher in F. moluccana because
there were more invertebrates. There are several
potential explanations for this finding. First, as
previously mentioned, we found that E. coqui were
not consuming more invertebrates in F. moluccana
litter. Second, M. polymorpha leaves are much larger
than F. moluccana leaflets, which might have
provided E. coqui with more cover and reduced
desiccation (Pough et al. 1983). Finally, because E.

coqui mass and SVL changes were small in both litter
types, if there was a difference in E. coqui growth
between treatments, it might have been difficult to
detect.

Leaf litter bag invertebrates and decomposition

The litter invertebrate community in the decomposi-
tion bags represents the invertebrate community
present after five months of decomposition. After
five months, all invertebrate groups that differed
between litter types had greater abundances in
M. polymorpha than F. moluccana. This likely
occurred because there was a greater proportion of
M. polymorpha (55% =+ 0.64%) compared to F.
moluccana (48% =+ 1.6%) remaining in the bags, or
because the chemical quality of M. polymorpha
compared to F. moluccana could have increased
over time. The lack of an E. coqui effect on
invertebrates inside decomposition bags might be
attributed to their inability to directly predate on these
invertebrates or indirectly influence their behavior.

Previous research has suggested that leaf litter
decomposition rates of F. moluccana and M. poly-
morpha are more a function of the dominant species
in the forest stand than initial chemical composition,
and that decomposition rates are faster in stands
dominated by F. moluccana than those dominated by
M. polymorpha (Hughes and Uowolo 2006). Our
results differ in that we found that F. moluccana
decomposed at a faster rate than M. polymorpha in a
forest stand that had both species in the canopy.
However, our study provides a hypothesis for the
pattern observed by Hughes and Uowolo (2006). Our
study suggests that decomposition rates could change
as a function of the dominant tree species because
litter invertebrate communities differ. More specifi-
cally, the great initial increase in fragmenters, which
were many times more abundant than the other
functional groups, in newly senesced F. moluccana
litter compared to M. polymorpha litter, might
increase decomposition rates in F. moluccana-dom-
inated stands compared to M. polymorpha-dominated
stands.

We found a lack of statistical support for an E.
coqui effect on decomposition rates over five months
in both litter types, despite previous studies showing
that E. coqui increases decomposition rate in both
Hawaii and Puerto Rico (Beard et al. 2003; Sin et al.
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2008). Although, the study showing that E. coqui
increased M. polymorpha decomposition rates in
Hawaii (Sin et al. 2008), only found a significant
effect after 6 months, and not after 3 months, and this
experiment was conducted for 5 months. The increase
in decomposition rates with E. coqui has been
attributed to an increase in nutrients in forms more
available to microbes and fungi; more specifically,
increased N and P availability from waste and
carcasses (Beard et al. 2002). Thus, we expected that
E. coqui would have a greater influence on decom-
position rates of M. polymorpha than F. moluccana
because M. polymorpha decomposition is more N-
and P-limited (Vitousek 1998). Our results do suggest
that E. coqui is more likely to affect M. polymorpha
decomposition rates than F. moluccana, because
M. polymorpha decomposition with E. coqui was
nearly significantly faster, while decomposition for
F. moluccana with and without E. coqui was non-
significant.

Landscape-level implications

We chose to conduct this experiment in a common
garden to control the source pool of invertebrates and
environmental factors. However, we do not know if
the results of this controlled experiment represent
landscape conditions. For example, we found that
F. moluccana supports more invertebrates based on
litter resources alone, but F. moluccana may support
even more invertebrates in the environment due to
greater canopy cover and faster litterfall rates
(Hughes and Denslow 2005). Litter resources alone
do not appear to improve the diet, growth, or
survivorship of E. coqui, but other characteristics of
F. moluccana, such as additional habitat structure
(e.g. larger boles, more vines on boles, and greater
tree height) for foraging and calling, and more shade,
might support more E. coqui on a landscape-scale.
Furthermore, in F. moluccana-invaded forests, both
litter types are often available, so E. coqui may
benefit from increased invertebrate abundance as a
result of F. moluccana invasion, and from the
additional cover provided by M. polymorpha leaf
litter on the forest floor. Future research could
determine whether our results correlate with land-
scape conditions, and if traits other than litter
characteristics of F. moluccana and M. polymorpha
explain differences in the invertebrate community

@ Springer

and E. coqui densities in native and F. moluccana-
invaded forests.
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