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An invasive frog, Eleutherodactylus coqui, increases new leaf
production and leaf litter decomposition rates through
nutrient cycling in Hawaii
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Abstract A frog endemic to Puerto Rico, Eleuther-

odactylus coqui, invaded Hawaii in the late 1980s,

where it can reach densities of 50,000 individu-

als ha�1. Effects of this introduced insectivore on

invertebrate communities and ecosystem processes,

such as nutrient cycling, are largely unknown. In two

study sites on the Island of Hawaii, we studied the

top-down effects of E. coqui on aerial, herbivorous,

and leaf litter invertebrates; herbivory, plant growth,

and leaf litter decomposition rates; and leaf litter and

throughfall chemistry over 6 months. We found that

E. coqui reduced all invertebrate communities at one

of the two study sites. Across sites, E. coqui lowered

herbivory rates, increased NH4
+ and P concentrations

in throughfall, increased Mg, N, P, and K in

decomposing leaf litter, increased new leaf produc-

tion of Psidium cattleianum, and increased leaf litter

decomposition rates of Metrosideros polymorpha. In

summary, E. coqui effects on invertebrates differed

by site, but E. coqui effects on ecosystem processes

were similar across sites. Path analyses suggest that

E. coqui increased the number of new P. cattleianum

leaves and leaf litter decomposition rates of M.

polymorpha by making nutrients more available to

plants and microbes rather than through changes in

the invertebrate community. Results suggest that E.

coqui in Hawaii has the potential to reduce endemic

invertebrates and increase nutrient cycling rates,

which may confer a competitive advantage to inva-

sive plants in an ecosystem where native species have

evolved in nutrient-poor conditions.

Keywords Amphibian � Decomposition rate �
Eleutherodactylus coqui � Invasive � Non-native �
Productivity � Tropics

Introduction

Invasive species are more likely to reduce native

species and alter ecosystems when they represent

new trophic levels or functional groups, and attain

high densities (Chapin et al. 1996; Parker et al.

1999). Invaders on island ecosystems are of partic-

ular concern because they often meet these criteria,

and islands are often hotspots of endemics (Grenyer

et al. 2006). With few notable exceptions (e.g., the

brown tree snake [Boiga irregularis], Anolis lizards,

and cane toad [Bufo marinus]), reptile and amphibian

invasions on islands have been poorly studied, even

though many islands lack native herptofauna and

these species often attain high densities (Kraus and

Campbell 2002). This may be because reptiles and

H. Sin � K. H. Beard (&)

Department of Wildland Resources and the Ecology

Center, Utah State University, Logan, UT 84322-5230,

USA

e-mail: karen.beard@usu.edu

W. C. Pitt

USDA/APHIS/WS/National Wildlife Research Center,

Hilo Field Station, Hilo, HI 96721, USA

123

Biol Invasions (2008) 10:335–345

DOI 10.1007/s10530-007-9133-x



amphibians are not thought capable of changing food

web structure and ecosystem functioning, even

though several studies show that they can (e.g.,

Fritts and Rodda 1998; Schoener and Spiller 1999;

Whiles et al. 2006).

For example, 27 species of reptiles and amphibians

have established in Hawaii, where there are no native

reptiles or amphibians (Kraus 2003), but few, if any,

studies have been conducted to describe their

ecological impacts. The objective of this research

was to identify the top-down effects of the Puerto

Rican frog, Eleutherodactylus coqui, in Hawaii. This

terrestrial frog became established on the Hawaiian

Islands via the horticulture trade in the late 1980s

(Kraus et al. 1999). Since its introduction, it has

rapidly expanded its range. There are now over 250

known populations on all four main islands, located

mostly in lowland forests on the windward sides of

the islands of Hawaii and Maui (from 0 to 1,100 m).

This invasion has received attention because E. coqui

has a loud mating call, 80–90 dB (at 0.5 m), and has

affected Hawaii economically (Kraus and Campbell

2002).

Eleutherodactylus coqui density in some areas in

Hawaii is estimated to be > 50,000 ha�1 (Woolbright

et al. 2006). In these areas, E. coqui is consuming an

estimated 350,000 invertebrate prey items per hectare

per night (Beard 2007). Because research from Puerto

Rico (PR) suggests that E. coqui can reduce inver-

tebrate prey (Stewart and Woolbright 1996; Beard

et al. 2003), its predation effects are of concern in

Hawaii, where there are 44 endangered invertebrates

and invertebrates comprise the large majority of the

endemic fauna (Beard and Pitt 2005). E. coqui is

known to be a generalist predator, consuming inver-

tebrates mostly on vegetation at night and in the litter

during the day while in retreat sites located near the

forest floor (Stewart and Woolbright 1996; Beard

2007). However, the predation effects of E. coqui on

invertebrate communities in Hawaii have not yet

been studied.

Eleutherodactylus coqui could also indirectly

affect ecosystem processes involving invertebrates

(Beard and Pitt 2005). In a study conducted in PR, E.

coqui reduced herbivory rates, increased plant growth

rates (leaf surface area, number of new leaves, stem

height, and biomass), and increased nutrient (NH4
+, P,

and K) concentrations in throughfall chemistry

(Beard et al. 2002, 2003). E. coqui also increased

nutrient (P and K) availability in decomposing leaf

litter and increased leaf litter decomposition rates

(Beard et al. 2002). Beard et al. (2002) suggested that

it was the increase in plant- and microbe-limiting

nutrients with E. coqui, which resulted from convert-

ing invertebrates into more available nutrient forms,

as opposed to reductions in invertebrates, that

increased plant growth and leaf litter decomposition

rates. It may be that E. coqui affects these processes

through a similar mechanism in Hawaii.

To determine the top-down effects of E. coqui in

Hawaii, we measured E. coqui effects on (1) the

abundance of invertebrates (aerial, herbivorous, and

leaf litter), (2) herbivory rates, (3) nutrient concen-

trations in throughfall chemistry and decomposing

leaf litter, (4) leaf litter decomposition rates, and (5)

plant growth rates. In addition, we used path analyses

to determine whether changes in plant growth

measures and leaf litter decomposition rates with E.

coqui resulted from changes in nutrient availability or

from changes in invertebrate abundances.

Very few studies have compared terrestrial verte-

brate predator effects in introduced and native ranges

using similar methods. This study provided a unique

opportunity to make such a comparison because it

was conducted using methods similar to those used in

PR for the study described above. We also included

previously published PR data in our path analyses,

analyses that had not been previously conducted, to

determine whether the mechanisms through which E.

coqui influences ecosystem processes were similar in

the two ranges.

Methods

Experimental design

Experiments were conducted at two sites: Bryson’s

Cinder Cone (BRY, 19�260N 154�550W; elevation

270 m) and Nanawale Forest Reserve (NFR,

19�280N 154�540W; elevation 230 m), 4 km apart

on the eastern side of the Island of Hawaii. Both

sites occur in lowland rain forests with a mean

annual precipitation of 3,000–4,000 mm year�1

(Giambelluca et al. 1986) and mean monthly

temperatures of 23�C (Juvik and Juvik 1998). Both

sites are located on a shallow, 300–400-year-old

substrate (Wolfe and Morris 1996).
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Both sites have native species, Metrosideros

polymorpha (Gaud.) in the overstory, and Psychotria

hawaiiensis (A. Gray) and Cibotium sp. in the

understory. However, non-native plant composition

and density differ. While both BRY and NFR have

Psidium cattleianum (Sabine) in the understory, NFR

also has Melastoma candidum (D. Don) and Clidemia

hirta (L.) D. Don. Understory density was estimated

to be 5.8 times lower at BRY than at NFR (deter-

mined as in Nudds 1977). An E. coqui population was

not established at BRY, but one was established at

NFR for >1 year prior to the initiation of the

experiment.

At each site, 20 enclosures (1 · 1 · 1 m3) were

placed on the forest floor in pairs, constructed using a

2.5 cm diameter PVC pipe frame and completely

covered by plastic mesh material with 0.76 · 0.76 cm2

mesh size. This mesh size prevents passage of E.

coqui >26.2 mm snout-vent length but allows passage

of >99% of invertebrates found on site (K.H. Beard,

unpublished data). One enclosure in each enclosure

pair contained no frogs while the other was stocked

with an average density of five male frogs, an

approximation of natural densities, based on Hawaii

estimates (Woolbright et al. 2006). Only males were

used to ensure that frogs could not establish new

populations. Frogs were added bimonthly as required

to maintain experimental densities; dead frogs were

left in enclosures. Frog loss rate did not change over

the course of the experiment. The only plants in

enclosures were potted plants (described below). The

experiment was conducted for 6 months, from Sep-

tember 2004 to February 2005.

Invertebrate communities

One 10 · 18 cm2 sticky trap (Seabright Laborato-

ries, Emeryville, CA, USA) was suspended from the

top center of the enclosure and one was placed as a

bridge between potted plants. Sticky traps were

collected and replaced every 2 weeks. Plastic trays

(16 · 26 · 6 cm3: l · w · h), filled with 20 g of

mixed, air-dried leaf litter from the forest floor, were

placed in each enclosure. Once a month the contents

of each tray were collected and invertebrates were

extracted using Berlese–Tullgren funnels within 2 h

of collection. Collected litter was immediately

replaced with 20 g of new mixed, air-dried leaf

litter.

Invertebrates on sticky traps and extracted inver-

tebrates were identified to order. Invertebrates with

wings found on sticky traps suspended from enclo-

sure tops were treated as aerial invertebrates. Inver-

tebrates with plant feeding mouth parts on sticky

traps placed between potted plants were treated as

herbivorous invertebrates. Invertebrates from trays

were treated as leaf litter invertebrates and sorted by

feeding guild: microbivores (Acari and Collembola),

fragmenters (Amphipoda, Coleoptera, Dermaptera,

Diplopoda, Isopoda, and Psocoptera), and predators

(Aranaea and Hymenoptera).

Plant herbivory and growth

Native (M. polymorpha and P. hawaiiensis) and non-

native seedlings (M. candidum and P. cattleianum)

were collected on-site. We placed four randomly

selected individuals of each species in 3.8 L pots in

each enclosure (n = 16 plants per enclosure). Soils in

pots consisted of peat moss, topsoil (0–5 cm), and

lava cinder in a 35-9-56 mass ratio. At the initiation

and termination of the experiment, the following

measurements were recorded for each plant: stem

height, stem diameter, number of (new) leaves, total

leaf surface area, and total herbivory. Herbivory

during the experiment was determined as percent

herbivory, and calculated by dividing the surface area

loss to herbivory minus herbivory measured at the

initiation of the experiment by total leaf surface area,

which included the new leaf surface area. At the end

of the experiment, above- and belowground biomass

was determined for all plants. Biomass was deter-

mined by measuring total aboveground and below-

ground biomass dried at 70�C until constant weight.

Leaf washes

To measure changes in throughfall chemistry, four

leaf wash samples were collected from each enclo-

sure monthly, with each sample being a composite

sample collected from one plant species. For each

sample, a total of 50 ml of distilled water was sprayed

over all leaves on each plant of one species and

leachate was collected using a funnel. Collections

were made within 72 h of a rain event. Samples were

stored in a freezer and filtered with Whatman GF/A

glass fiber filters prior to analysis. All samples were

analyzed using a Thermo Electron Iris Advantage
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Inductively coupled Plasma (ICP) Spectrophotometer

(Thermo Electron Corporation, Waltham, MA, USA)

for Ca, Mg, P, and K. P. cattleianum samples were

analyzed using a Lachat Quickchem 8000 Flow

Injection Analyzer (Lachat Instruments, Loveland,

CO, USA) for dissolved NH4
+ and NO3

�.

Leaf litter

Six leaf litterbags were placed on the floor of each

experimental enclosure. Each litterbag (15 · 15 cm2,

mesh size: 0.23 · 0.23 cm2) contained 5 g of newly

senesced air-dried M. polymorpha leaves. Subsam-

ples of air-dried leaves were separately processed

after every fifth litterbag was constructed to develop

an air-dried to oven-dried (70�C) conversion factor.

Half the litterbags were removed after 3 mo and half

after 6 mo. Each retrieved litterbag was brushed to

remove organic debris, oven-dried at 70�C, and

weighed. Samples were ground and homogenized

with a 2-mm mesh screen. A subsample from each

was ashed overnight at 500�C to develop an ash-free

conversion factor (Harmon and Lajtha 1999).

Both 3 and 6 mo leaf litter samples were analyzed

for elemental (Ca, Mg, P, and K) concentrations, total

C, and total N. Leaf litter samples were digested

using the procedure outlined in Mills and Jones

(1997) and analyzed for elemental concentrations

using the ICP, and analyzed for C and N by the

LECO TruSpec CN Analyzer (LECO, St. Joseph, MI,

USA). To adjust for soil C and N contamination,

three soil samples were collected from each site,

sieved with a 2-mm mesh screen, oven-dried, and

analyzed for C and N.

Statistical analyses

We used an ANOVA of a three-way factorial in a

split–split plot design to evaluate the interactions of

the fixed effects of site (the whole plot factor with two

levels: BRY and NFR), treatment (the subplot factor

with two levels: enclosures with and without E.

coqui); and the third factor (the sub-subplot factor)

varied with the response variable: (1) plant species for

plant growth variables and percent herbivory, and (2)

time for invertebrates: totals (aerial, herbivorous, and

leaf litter) and leaf litter feeding guilds, throughfall

nutrient concentrations, leaf litter nutrient concentra-

tions and contents, and leaf litter decomposition rates.

The split–split plot model uses compound symmetry

covariance structures for repeated measures both on

the whole plots and the subplots. The two sites were

examined as fixed effects so treatment effects could be

evaluated by site.

To better meet assumptions of normality and

homogeneity of variance, invertebrate abundances,

plant growth variables, percent herbivory, and leaf

litter nutrient concentrations (Mg, K) were square

root-transformed; throughfall nutrient concentrations

(NH4
+, Ca, Mg, and P), leaf litter decomposition rates,

and leaf litter P concentration were log-transformed.

For all other variables, no transformation was needed.

We considered P < 0.05 significant except for

invertebrate analyses where we considered P < 0.10

significant due to the high-variability associated with

invertebrate sampling (as in Holmes and Schultz

1988). Only significant interactions are reported.

ANOVAs were calculated using PROC MIXED in

SAS Version 9.1 for Windows (SAS Institute, Cary,

NC, USA). Mean ± 1 standard error (SE) are

presented throughout.

To test the relative importance of nutrient cycling

effects and indirect effects via invertebrate commu-

nities on ecosystem processes, we used path analysis,

a multivariate technique that uses structural equation

modeling to identify causation among intercorrelated

variables based on a priori hypotheses. The technique

uses partial regressions along with insights from

graph theory to quantify interaction strengths be-

tween pairs of variables while also accounting for

other relationships within the model.

We had two path analysis models: a new leaves

model and a leaf litter decomposition model. Due to

sample size limitations only four variables could be

used in each model (Hatcher 1994). The new leaves

model assessed the effects of E. coqui on the number

of new leaves produced, through E. coqui effects on

herbivory rates and leaf wash NH4
+ concentrations.

We used new leaves and herbivory rates for P.

cattleianum because NH4
+ concentrations in leaf

washes were from P. cattleianum samples. The leaf

litter decomposition model determined the effects of

E. coqui on leaf litter decomposition rates through

effects on leaf litter invertebrates and leaf wash NH4
+

concentrations. For the PR data, variables were the

same except new leaves and herbivory were for Piper

glabrescens (Miq.) C. DC. and leaf litter decompo-

sition rates were for Dacryodes excelsa Vahl.
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The overall exogenous variable in the models was

the number of E. coqui in each enclosure. This was

either 0 (no E. coqui enclosures) or between 4 and 6

(mean number of frogs during the experiment for

E. coqui enclosures). Each of the models was run for

each Hawaii site and the PR site. Final coefficients

were standardized (SD 1) to allow comparisons

between relationships with different measurement

units. Unexplained variance (U) was calculated by

the square root of (1 - R2). Path coefficients,

unexplained variances, and goodness-of-fit statistics

were calculated using PROC CALIS in SAS Version

9.1 for Windows.

Results

Invertebrate communities

Aerial invertebrates collected across sites were

mostly Diptera (58%), Homoptera (28%), Hymenop-

tera (6%), and Coleoptera (2%). We found no

difference by treatment at BRY, but E. coqui reduced

aerial invertebrates by 16% at NFR (Table 1). BRY

had fewer aerial invertebrates than NFR

(F1,18 = 76.43, P < 0.0001).

Herbivorous invertebrates collected across sites

were mostly Homoptera (83%), Heteroptera (10%),

and Coleoptera (4%). We found no difference by

treatment at BRY, but E. coqui reduced herbivorous

invertebrates by 11% at NFR (Table 1). BRY had

fewer herbivorous invertebrates than NFR

(F1,36.1 = 451.62, P < 0.0001).

Leaf litter invertebrates collected across sites were

mostly Isopoda (34%), Collembola (29%), Acari

(16%), Hymenoptera (8%), Amphipoda (5%), and

Homoptera (2%). We found no difference by treat-

ment at BRY, but E. coqui reduced leaf litter

invertebrates by 20% at NFR (Table 1). There were

no differences by treatment for microbivores, frag-

menters, or predators (Table 1). BRY had fewer litter

invertebrates than NFR (F1,18.4 = 6.91, P = 0.017).

Plant herbivory and growth

During the 6-month experiment, M. candidum,

P. cattleianum, and P. hawaiiensis had 87, 99, and

65% survivorship, respectively, while no M. polymor-

pha survived. M. polymorpha are not considered further.

Total herbivory was comprised of 80% leaf area

missing and 20% leaf miner damage. Mean percent

herbivory was lower with E. coqui than without E.

coqui (Fig. 1). No herbivory differences were found

between sites (F1,18 = 0.05, P = 0.83) or species

(F2,72 = 2.32, P = 0.11).

Number of new leaves for P. cattleianum

increased with E. coqui (Table 2). Plants at BRY

produced fewer new leaves than at NFR

(F1,18 = 10.07, P = 0.0053). Other measures of plant

growth (leaf surface area, stem height and

diameter, above- and belowground biomass) did not

differ by treatment at either site or across sites

(Table 2). However, leaf surface area increases

(F1,18 = 4.76, P = 0.043) and stem height increases

(F1,18 = 11.68, P = 0.0031) were smaller at BRY than

at NFR.

Table 1 Mean invertebrate totals (±1 SE) measured in enclosures with and without Eleutherodactylus coqui across sampling periods

at two sites on the Island of Hawaii, USA (n = 10 enclosures per treatment per site)

Site Invertebrate groups

Aerial Herbivorous Leaf litter Leaf litter functional groups

Treatment Microbivores Fragmenters Predators

Bryson’s Cinder Cone

E. coqui 13.59 (0.58) 6.61 (0.47) 56.68 (4.11) 26.81 (3.35) 21.10 (1.80) 4.68 (0.61)

No E. coqui 13.69 (0.70) 5.61 (0.38) 54.14 (4.83) 27.74 (4.27) 18.31 (1.70) 5.38 (0.85)

Nanawale Forest Reserve

E. coqui 29.61 (1.13)a 18.14 (1.19)a 62.79 (4.38)a 24.25 (2.69) 27.42 (2.38) 7.02 (1.18)

No E. coqui 35.40 (1.55) 20.20 (1.42) 73.57 (4.81) 26.57 (3.02) 34.08 (2.87) 7.33 (1.03)

a Mean values are significantly different when comparing across treatments by site (P < 0.10)
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Leaf wash chemistry

Concentrations of NH4
+ in leaf wash increased by

47% and P increased by 8% with E. coqui (Fig. 2a).

There was a 9% decrease in NO3
� concentrations with

E. coqui (Fig. 2a). Other elemental (Ca, Mg, and K)

concentrations in leaf washes did not differ by

treatment. Concentrations of NO3
� (F1,17.9 = 5.26,

P = 0.034) and Ca (F1,37.6 = 4.62, P = 0.038) in leaf

washes were lower at BRY than NFR; no other

elemental concentrations differed by site.

Leaf litter chemistry and decomposition rates

Concentrations of Mg, N, and K in decomposing leaf

litter were 36, 6, and 44%, respectively, greater with

E. coqui than without E. coqui (Fig. 2b). Concentra-

tions of Ca, P, and N in decomposing leaf litter were

lower at BRY than NFR; while Mg concentrations

were greater at BRY than NFR (F1,18 = 10.08,

P = 0.0052).

There was no treatment difference for N content

(measured as mg of nutrient) in decomposing litter by

site or treatment; however, P content was 8% higher

with E. coqui than without E. coqui (0.94 ± 0.02 vs.

1.01 ± 0.04; F1,52.5 = 5.09, P = 0.028). CN ratios in

decomposing leaf litter were 6% lower with E. coqui

than without (90.3 ± 2.8 vs. 96.5 ± 3.0, F1,54 = 0.74,

P < 0.0001). CN ratios were lower at 3 mo than at 6 mo

(F1,36 = 299.22, P < 0.0001). CN ratios were 19%

greater at BRY than NFR (F1,18 = 49.36, P < 0.0001).

Leaf litter decomposition rates were 3% faster

with E. coqui, with a greater difference at 6 mo than

at 3 mo (Fig. 3). Decomposition rates were 8% slower

at BRY than at NFR (F1,17.1 = 17.42, P = 0.0006).

Path analyses

We found that E. coqui had a negative effect on

herbivory at each site, and a positive effect on NH4
+

Treatment

)
%( yrovibre

H

0.00

0.01

0.02

0.03

0.04

0.05

E. coqui
No E. coqui

**

Fig. 1 Mean percent herbivory (+1 SE) in enclosures with and

without Eleutherodactylus coqui across two sites on the Island

of Hawaii. n = 20 per treatment. *P < 0.01

Table 2 Mean plant measurements (±1 SE) of Melastoma candidum, Psidium cattleianum, and Psychotria hawaiiensis in enclosures

with and without Eleutherodactylus coqui across two sites on the Island of Hawaii, USA (n = 20 enclosures per treatment)

Species Plant measurements

Treatment Stem height

growth (cm)

Number of new

leaves (#)

Stem diameter

growth (cm)

Leaf surface area

growth (cm2)

Aboveground

biomass (g)

Belowground

biomass (g)

M. candidum

E. coqui 5.82 (0.91) 7.75 (0.40) 0.043 (0.0070) 253.81 (45.54) 0.35 (0.059) 0.10 (0.015)

No E. coqui 5.92 (1.06) 7.75 (0.50) 0.033 (0.0060) 240.16 (48.09) 0.35 (0.046) 0.09 (0.012)

P. cattleianum

E. coqui 2.71 (0.39) 16.52 (1.040)a 0.029 (0.0050) 296.24 (33.50) 1.10 (0.10) 0.72 (0.076)

No E. coqui 3.51 (0.51) 13.11 (1.19) 0.029 (0.0040) 254.94 (32.71) 1.09 (0.073) 0.71 (0.079)

P. hawaiiensis

E. coqui 0.74 (0.12) 3.12 (0.23) 0.013 (0.0020) 36.76 (4.36) 0.27 (0.030) 0.19 (0.024)

No E. coqui 0.70 (0.19) 2.81 (0.26) 0.013 (0.0040) 27.21 (5.58) 0.31 (0.049) 0.22 (0.033)

a Mean values are significantly different when comparing across treatment by plant species (P < 0.001)

340 H. Sin et al.

123



concentrations in leaf washes at each site (Fig. 4a). At

NFR and PR, NH4
+ concentrations in leaf washes had

a positive effect on the number of new leaves.

Herbivory rates did not affect the number of new

leaves at any site. E. coqui was found to have a

negative effect on total leaf litter invertebrates at

NFR only (Fig. 4b). At NFR and PR, NH4
+ concen-

trations in leaf washes had a positive effect on leaf

litter decomposition rates. Leaf litter invertebrates did

not affect leaf litter decomposition rates at any site.

Unexplained variance values were typical of these

types of models (Mothershead and Marquis 2000;

Price et al. 2005).

Months in Experiment

0

)
%( gninia

me
R ssa

moi
B retti L fa eL laitinI 50

60

70

80

90

100

E.coqui
No E. coqui

*

3 6

Fig. 3 Percent leaf litter biomass remaining (±1 SE) with and

without Eleutherodactylus coqui across two sites on the Island

of Hawaii at 3 and 6 months. *P < 0.05

Eleutherodactylus coqui 
BRY  0.10

NFR  -0.44* 
PR  0.10 

Leaf litter decomposition 

  0.81 

BRY  0.11 
NFR  0.01 
PR  -0.02 

0.99

New leaves

  0.99 

BRY   0.06 
NFR  -0.27 
PR  -0.16 

Eleutherodactylus coqui 

BRY  -0.66** 
NFR  -0.42* 
PR  -0.64* 

  0.83 U   0.85 

U

  0.85 

Leaf wash chemistry 

BRY  0.21 
NFR  0.42* 
PR  0.59** 

BRY  0.56** 
NFR  0.51** 
PR  0.68** 

Percent herbivory

Leaf litter invertebrates 

U

BRY  0.56** 
NFR  0.51** 
PR  0.68** 

BRY  0.01 
NFR  0.44* 
PR  0.47**

a

b

U

U U

Leaf wash chemistry 

Fig. 4 a Path diagram of Eleutherodactylus coqui effects on

the number of new leaves, as affected by percent herbivory and

NH4
+ concentrations in leaf washes. b Path diagram of E. coqui

effects on leaf litter decomposition rates, as affected by leaf

litter invertebrates abundance and NH4
+ concentrations in leaf

washes. Path coefficient values are for (1) Bryson’s Cinder

Cone (BRY), Hawaii, (2) Nanawale Forest Reserve (NFR),

Hawaii, and (3) Luquillo Experimental Forest, Puerto Rico

(PR). Unexplained variance (U) for endogenous variables is for

(1 and 2 combined). Bold arrows indicate significant path

coefficients for at least two sites. Bolded sites are significant for

that pathway, *P < 0.05, and **P < 0.01
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Fig. 2 a Mean concentrations (+1 SE) of NH4
+, NO3

�, Ca, Mg,

P, and K in leaf washes in enclosures with and without

Eleutherodactylus coqui. NH4
+ and NO3

� values are from

Psidium cattleianum samples averaged across sampling peri-

ods, while Ca, Mg, P, and K values are averaged across plant

species and sampling periods. b Mean concentrations (+SE) of

Ca, Mg, N, P, and K in decomposing leaf litter in enclosures

with and without Eleutherodactylus coqui across sites and

sampling periods. *P < 0.05
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Discussion

In a 6-month enclosure experiment conducted in two

lowland rain forest sites on the Island of Hawaii, we

found that the invasive frog, E. coqui, lowers

herbivory rates, and increases concentrations of

several nutrients in leaf wash chemistry and decom-

posing leaf litter, leaf litter decomposition rates, and

the number of new leaves on an invasive plant

species. In general, E. coqui effects on ecosystem

processes were consistent between the two study

sites. However, the top-down effects of E. coqui on

invertebrates greatly differed between the two sites.

More specifically, we found that E. coqui reduced

aerial, herbivorous, and leaf litter invertebrates at

NFR and not at BRY.

There are several potential explanations for this

site difference. First, NFR had higher invertebrate

abundances (aerial, herbivorous, and leaf litter) than

BRY. Perhaps we were unable to statistically dis-

cover a treatment effect at BRY due to the low

number of invertebrates collected at this site, often

approaching the zero bound (Table 1). Second, the

established E. coqui population outside enclosures at

NFR, and the lack of E. coqui at BRY, could have

created a treatment effect at NFR if invertebrates

outside enclosures sought refuge in enclosures with-

out E. coqui (Pitt 1999; Schmitz and Suttle 2001).

Alternatively, the established E. coqui population at

NFR could have reduced the migration of inverte-

brates into enclosures, creating a treatment effect if

invertebrates were not replaced as quickly at NFR as

at BRY. We did not determine whether the reduction

of invertebrates at NFR with E. coqui was through

trait-mediated or density-mediated mechanisms. It

would be important in future studies to determine

whether invertebrates have behavioral responses to E.

coqui.

New leaf and leaf litter decomposition models

We found that the top-down effect of E. coqui on

both new leaves produced and leaf litter decompo-

sition rates was better explained by a nutrient cycling

effect than either a reduction in herbivory rates or

invertebrate abundances. While top-down effects on

ecosystem productivity through nutrient cycling by a

vertebrate predator has been demonstrated in aquatic

ecosystems (Schindler 1992; Vanni and Layne 1997),

we do not know of any other study that has

demonstrated this mechanism for vertebrate predators

in terrestrial ecosystems. An exception to this may be

in the case of allochthonous nutrient sources (Polis

and Hurd 1996; Maron et al. 2006); however, in this

study, we found that the effect of E. coqui was

through autochthonous sources.

More specifically, in the new leaves model, we

found positive relationships between E. coqui and

leaf wash NH4
+ concentrations, and leaf wash NH4

+

concentrations and the number of new leaves on P.

cattleianum seedlings (Fig. 2a). This suggests that

there was a direct effect of E. coqui on the number of

new P. cattleianum leaves through nutrient cycling,

at least at NFR. This result is consistent with studies

showing that P. cattleianum grows better in sites with

elevated nutrient levels (Hughes and Denslow 2005).

While we found that herbivory rates were lower with

E. coqui across sites, as has been found in other

studies of herptofauna effects on herbivory (Dial and

Roughgarden 1995; Schoener and Spiller 1999), path

analyses showed no relationship between herbivory

and the number of new leaves, suggesting that this

pathway was unimportant. If the nutrient cycling

mechanism had not been investigated, we may have

assumed that the increase in new leaves with E. coqui

was due to reduced herbivory. As expected for

islands (Angulo-Sandoval and Aide 2000), herbivory

rates are low in Hawaii compared to continental

areas, especially for non-native species (DeWalt et al.

2004), which may reduce the importance of herbivory

on plant growth rates (Shurin et al. 2006). We do not,

however, think that herbivory rates were artificially

low because monthly herbivory rates on these plants

were similar during the experiment and prior to the

experiment when these plants were located outside

the enclosures.

In the leaf litter decomposition model, we simi-

larly found that nutrient cycling was a more impor-

tant top-down mechanism than reduced abundance of

leaf litter invertebrates in influencing leaf litter

decomposition rates (Fig. 4b). If there was an indirect

effect, we would have observed both a significant

relationship between E. coqui and litter invertebrates

and between litter invertebrates and leaf litter

decomposition rates. The lack of an indirect effect

in influencing leaf litter decomposition rates is not

surprising because E. coqui is a generalist in the litter

invertebrate community, and different feeding guilds
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are known to influence decomposition rates in

contrasting ways. Alternatively, we found positive

relationships between E. coqui and leaf wash NH4
+

concentrations, and between leaf wash NH4
+ concen-

trations and M. polymorpha decomposition rates, at

least at NFR. This result is supported by studies

suggesting that M. polymorpha decomposition rates

increase with NP and P additions (Vitousek 1998).

Despite ANOVAs indicating an overall increase

in the number of new leaves and leaf litter

decomposition rates with E. coqui across sites in

Hawaii, the path model only showed significant

relationships between NH4
+ concentrations in leaf

washes and these variables at NFR. The path model

only addresses the importance of two factors in

explaining both the production rate of new leaves

and leaf litter decomposition rates. Other factors are

clearly important in influencing these processes, as

indicated by the unexplained variance in the model,

and other factors (e.g., P concentrations in leaf

washes) likely contributed to increasing these rates

with E. coqui at BRY.

Nutrient cycling mechanism

We attribute increased NH4
+ and P concentrations in

leaf washes at least in part to excrement because E.

coqui was observed foraging on and above foliage,

and excrement was observed on the foliage when leaf

washes were collected. We attribute increased Mg, N,

P, and K in decomposing leaf litter at least in part to

E. coqui excrement and carcasses. As an example,

increased P in decomposing litter was likely a direct

effect of excrement and carcasses, and an indirect

effect of fungal growth, stimulated by excrement and

carcasses, which translocated P into leaf litter bags.

Similar pathways likely increased Mg, N, and K

concentrations in decomposing leaf litter. We did not

distinguish between nutrients directly or indirectly

from E. coqui in this study.

We found that E. coqui has important nutrient

cycling effects. In this study system, nutrient cycling

effects may be important because frog nitrogenous

waste products are usually in the form of urea, while

invertebrate waste products are in the least soluble

form of nitrogenous waste, uric acid (Beard et al.

2002). Similarly, frog carcasses are more likely to

decompose faster, and thus release nutrients faster,

than invertebrate remains, which can act as a nutrient

sink due to slow decomposition of chitinous exoskel-

etons (Seastedt and Tate 1981). Predator-mediated

nutrient cycling effects will likely only be observed

in ecosystems where predators convert nutrients to

forms readily available to microbes and plants at a

rate faster than their prey.

Comparison of results across ranges

Beard et al. (2002, 2003) found similar effects of E.

coqui on ecosystem processes in PR. The path

analyses conducted using PR data also showed that

increases in new leaf production and leaf litter

decomposition rates with E. coqui resulted from

increased nutrient availability rather than from

reduced herbivory rates and invertebrate abundances,

respectively (Fig. 4a, b). The effect of E. coqui on

invertebrate communities in PR differed from the

effects found at either site in this study; in PR, only

aerial invertebrates were found to be reduced with E.

coqui (Beard et al. 2003); although, the present study

also found site differences in the effect of E. coqui on

invertebrates in Hawaii. In conclusion, results across

ranges suggest that E. coqui effects on invertebrate

communities will vary by site, but nutrient cycling

effects will be similar regardless of site.

Implications

Because E. coqui reduced invertebrates at one study

site, this study supports the idea that E. coqui can

reduce endemic invertebrates in Hawaii. While E.

coqui are mostly consuming non-native invertebrates,

such as Amphipoda, Isopoda, and Hymenoptera:

Formicidae, in Hawaii (Beard 2007), they have the

ability to reduce invertebrate orders containing

endemic species, such as Acari, Collembola, Diptera,

and Homoptera. Furthermore, an increase in nutrient

cycling rates in Hawaii could have a negative effect

on native plant species that are slow-growing and that

evolved in nutrient-poor conditions. As has been

found in nutrient addition studies (Ostertag and

Verville 2002), we found that E. coqui increased a

plant growth response only for a non-native species.

The native species had no response to E. coqui. By

increasing nutrient cycling, E. coqui may confer a

competitive advantage to invasive plants, and it

would be important to test this hypothesis in future

studies.
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For this experiment, we used enclosures rather

than a larger scale exclosures (i.e., E. coqui removal

plots). While enclosures are viewed as a useful and

potentially powerful way to understand mechanisms

of trophic control of ecosystems (Schmitz 2004),

their applicability to larger scale processes has been

questioned (Carpenter 1999; MacNally 2000; Skelly

2002). We used enclosures because we wanted the

results to be comparable to those from PR. To address

concerns surrounding the use of enclosures, densities

of E. coqui were natural (Woolbright et al. 2006);

enclosure size was similar to E. coqui territory size,

which E. coqui can remain in for several years

(Woolbright 1985); invertebrate communities inside

enclosures were determined to resemble those outside

enclosures (Beard 2007); and enclosures contained

seedlings of species that occurred on site. Further-

more, a 20 · 20 m2 exclosure experiment was

conducted in PR at the same time as the enclosure

experiment described in this paper. The effects of

E. coqui on invertebrate abundance, herbivory rates,

and leaf litter decomposition rates were found to be

similar across the two spatial scales (Beard et al.

2003). The smaller numbers of replicates and differ-

ences in collection methods were thought to contrib-

ute to the lack of significant differences by treatment

at the larger spatial scale for plant growth rate and

nutrient cycling variables (Beard et al. 2003). Thus,

while enclosures do have limitations, we believe that

enclosure studies conducted with this species provide

insights into processes occurring at larger spatial

scales. However, experiments conducted at larger

spatial scales would further our understanding of the

effects of E. coqui in Hawaii.
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