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Abstract Many studies have found top-down effects of
predators on prey, but few studies have linked top-down
effects of vertebrate predators to nutrient cycling rates in
terrestrial systems. In this study, large and significant
effects of a terrestrial frog, FEleutherodactylus coqui
(coqui), were recorded on nutrient concentrations and
fluxes in a subtropical wet forest. In a manipulative
experiment, coquis at natural densities were contained in
or excluded from 1 m? enclosures for 4 months. Chem-
istry of leaf wash (throughfall), foliage, and decomposed
leaf litter in the enclosures were measured as indicators of
coqui effects on nutrient cycling. Coqui exclusion
decreased elemental concentrations in leaf washes by
83% for dissolved organic C, 71% for NH4*, 33% for
NO;™, 60% for dissolved organic N, and between 60 and
100% for Ca, Fe, Mg, Mn, P, K, and Zn. Coqui exclusion
had no effect on foliar chemistry of plants transplanted
into the enclosures. However, coqui exclusion decreased
nutrient availability in decomposing mixed leaf litter by
12% and 14% for K and P, respectively, and increased
C:N ratios by 13%. Changes in nutrient concentrations
that occurred with coqui exclusion appear to be due to
concentrations of nutrients in coqui waste products and
population turnover. The results supported our hypothesis
that coquis have an observable effect on nutrient dynam-
ics in this forest. We suggest that the primary mechanism
through which they have this effect is through the
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conversion of insects into nutrient forms that are more
readily available for microbes and plants. The potential
for higher trophic level species to affect nutrient cycling
through this mechanism should not be overlooked.
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Introduction

Research determining the role of single species in
terrestrial ecosystem processes continues to be a high
research priority because of the importance of maintain-
ing functioning ecosystems (Daily 2000), the predictions
of increased species losses globally (Chapin et al. 2000),
and the increased awareness of invasive species and their
ecosystem impacts (Vitousek et al. 1996). Determining
the ecosystem level effects of losing vertebrate predators
in terrestrial ecosystems is of particular importance
because these species are often the most threatened with
extinction (Pimm et al. 1988). Recent studies have
revealed that predators not only have top-down trophic
cascading effects on their prey in simple or aquatic
systems, but also in diverse terrestrial ecosystems (Dial
and Roughgarden 1995; Letourneau and Dyer 1998;
Terborgh et al. 2001). While our understanding of the role
of vertebrate predators in controlling their prey in
terrestrial systems is growing (Hunter 2001a), our under-
standing of their role in increasing nutrient cycling rates
by increasing nutrient availability is much less developed.

As a generality, vertebrate predators are considered to
represent too little biomass and, as a result, productivity
to regulate nutrient availability at the ecosystem level in
terrestrial systems (Schlesinger 1997). However, biomass
is not a sufficient indicator of ecological importance in
nutrient cycles because it does not provide information on
two important fluxes of nutrients through organisms:
waste material production and population turnover (i.e.,
carcasses). The importance of these fluxes can be greater
than would be expected based on their quantities because



584

increased nutrient availability can produce positive, non-
linear growth responses in microbial communities (Han-
lon 1981; Visser 1985), and essential nutrients delivered
in pulses can be important in maintaining ecosystem
functioning (Lodge et al. 1994). While it is well known
that all animals return a substantial portion of the
nutrients they consume back to the detrital system in
the form of concentrated, highly labile liquid and solid
wastes, and corpses (Ruess and McNaughton 1987), the
research that has been conducted in this area is typically
focused on herbivore and, in particular, insect (Hunter
2001b), and decomposer populations (Hanlon 1980;
Teuben and Verhoef 1992). The potential for vertebrate
predators to influence nutrient pools and fluxes through
these mechanisms remains relatively unexplored.

The studies that have been done on single faunal
species effects on nutrient cycling from waste material
and carcasses show heterogeneous effects on the ecosys-
tem level. For example, studies have measured the effects
of such organisms as roosting birds and ungulates, which
have spatially heterogeneous influences on nutrient influx
from waste material (Gilmore et al. 1984; Frank et al.
1994). The studies that have been conducted on decom-
posing carcasses often show temporally heterogeneous
effects (e.g., in “outbreak” situations; Swank et al. 1981;
Schowalter and Crossley 1983; Parmeter and Lamarra
1991; Wipfli et al. 1998). Waste and carcass effects are
thought to occur more quickly than changes induced by
litter quality, canopy cover, and community composition
(McNaughton et al. 1988). However, it is the ‘slower’
variety of effects in terrestrial systems (e.g., changes in
plant community composition) that often show the effects
of faunal species on nutrient cycling homogeneously at
the whole-system level (Brown and Heske 1990).

Island ecosystems offer a unique opportunity to
analyze top-down effects of predators on nutrient cycling
because few species exist at each trophic level and species
population densities are typically high. Caribbean islands
are ideal for studying the role of amphibians in nutrient
cycling because they are present in unusually high
densities. We decided that an amphibian was an appro-
priate organism for this study because amphibians have
been noted for their population extinctions and global
declines (Richards et al. 1993; Lips 1998), and their
experimental exclusion represents their potential loss
from the system. Although research has been conducted
to document the causes and extent of amphibian loss, few
studies have examined how changes in their population
levels might affect nutrient cycling. The studies that have
examined the effects of amphibians on nutrient cycles
have not investigated the role of their waste materials and
carcasses (e.g., Seale 1980; Wyman 1998; Kiffney and
Richardson 2001).

The terrestrial frog, Eleutherodactylus coqui (coqui), a
species endemic to Puerto Rico, has one of the highest
population densities ever recorded for terrestrial amphib-
ians (average density of 20,000 individuals ha™') and
represents the greatest biomass of any single vertebrate
species in the subtropical wet forests it inhabits (Stewart

and Woolbright 1996). The study system has higher
insectivore density and lower insect diversity than
comparable continental areas (Garrison and Willig
1996; Angulo-Sandoval and Aide 2000). Coquis have
been estimated to consume 114,000-prey items ha™
night! in the study forest (Stewart and Woolbright
1996). In addition, coquis have been found to alter the
study forest by reducing arthropod numbers, reducing
herbivory rates, increasing plant net primary production,
and increasing leaf litter decomposition rates (Beard et
al., in review). We thought that this amphibian, if any,
was likely to affect nutrient cycling by increasing nutrient
availability at the ecosystem level.

For this research, we determined whether an insecti-
vore, the coqui, has measurable effects on nutrient
concentrations and fluxes in the subtropical wet forests
of Puerto Rico. We hypothesized that deposition of labile
forms of nutrient-rich wastes by territorial coquis would
result in detectable shifts in N, P, and K fluxes. Since
these nutrients are the same nutrients that regulate plant
growth and decomposition in this forest (Silver et al.
1994), we hypothesized that coquis help alleviate nutrient
deficiencies at the plant and decomposer levels. We tested
three specific hypotheses: (1) primary producers acquire
essential nutrients from coquis as excrement deposited on
plant surfaces become part of ecosystem fluxes of
nutrients (e.g., throughfall), (2) coqui deposition of
nutrients on plant surfaces changes foliar chemistry and
nutrient absorption directly at the leaf level (Boyce et al.
1996), and (3) the pulsed addition of labile, nutrient-rich
waste to soil could change decomposition rates since
microbial activity levels are controlled by the availability
of limiting nutrients (Anderson and Swift 1983). To place
our findings in a broader context, we quantified the
amount of nutrients in coquis, the amount of nutrients
eliminated and excreted, and the amount of nutrients
cycled through the population.

Materials and methods

Study site

The research site was located in the Luquillo Experimental Forest
(LEF), which is classified as subtropical wet forest, in the
northeastern corner of Puerto Rico (18°18'N, 65°50'W). Mean
monthly air temperatures average between 21 and 24°C throughout
the year (Garcia-Martino et al. 1996). Peak precipitation (inputs
average 400 mm month™") occurs from May to November, with
drier periods recorded between January and April (inputs average
200-250 mm month™!) (Garcia-Martino et al. 1996). Average
annual precipitation is 3,537 mm year™' (Garcia-Martino et al.
1996). The experiment was conducted during the wet season from
June through October 1999, when the annual precipitation was
3,746 mm year! (F.N. Scatena, unpublished data) and average
inputs were 342 mm month™' (F.N. Scatena, unpublished data).
The study site was located in the mature secondary Tabonuco
forest zone that is dominated by Dacryodes excelsa (tabonuco),
Prestoea montana, Sloanea berteriana, and Cecropia schreberiana.
The understory was dominated by Danea nodosa, Ichnanthus
palens, Heliconia carabea, Piper glabrescens, Pilea inegualis,
Prestoea montana, and Scleria canescens. The experiment was



conducted in a 30x35-m area, at an elevation of 250 m, in the
Bisley Experimental Watersheds.

Hurricane Hugo passed through Puerto Rico in September 1989,
and Hurricane Georges passed through Puerto Rico in September
1998. Both the intensity and damage of Hurricane Georges was less
than that associated with Hugo in the study forest (Ostertag et al.
2002). For example, after Hurricane Georges, litter floor mass, and
nutrient dynamics returned to pre-hurricane levels in 4-5 months,
whereas these ecosystem components took over 5 years to return
after Hugo (Ostertag et al. 2002). Foliage levels returned within
2 months following Georges (F.N. Scatena, unpublished data). Prior
to the initiation of this experiment, measured ecosystem stocks and
processes had returned to pre-hurricane levels.

Experimental design

Twenty field enclosures 1 m® in size were constructed using a
frame of PVC plastic tubing covered by plastic mesh material with
0.95x0.95 cm (3/8x3/8 inch) mesh size openings. This mesh size
opening was chosen because it was large enough to allow free
movement of most invertebrates into and out of the container but
small enough to prevent the movement of adult coquis. Juvenile
coquis could enter through this mesh size. Enclosures were
monitored weekly at night. Juveniles were observed in enclosures
on two occasions and Anolis lizards on one occasion and were
subsequently removed. No other vertebrates were observed in the
enclosures.

All enclosures were placed in pairs directly on the surface of the
forest floor. One enclosure in each pair contained no coquis and the
other contained coquis at a high-end estimate of natural densities (7
adult coquis m~2). This number was determined using the maximum
estimate recorded for adults of 1.14 individuals m™ prior to
Hurricane Hugo passing through the island of Puerto Rico in 1989
(Stewart and Woolbright 1996) and the 6-fold increase in the adult
population density after the hurricane (Woolbright 1996). When
mortality was observed in enclosures, carcasses were not removed,
and frogs were replaced to keep the density constant throughout the
experiment. Adult survivorship in enclosures was 86% during the
study period.

To standardize the testing of coqui impacts on foliage
chemistry, Piper glabrescens (Piperaceae) plants and Manilkara
bidentata (Sapotaceae) seedlings were transplanted into pots for
placement within each enclosure. Four replicate plants per species
were transplanted into 18-cm diameter pots for placement in each
enclosure. Piper was selected because it is a common understory
shrub species and Manilkara because it is a common tree species
found in this forest. Plants used in the experiments were excavated
from the forest area immediately surrounding the study area and
transplanted into the pots using soil from the site. Potted plants
were allowed to equilibrate at the field sites for several weeks prior
to their placement into the enclosures and were randomly selected
for placement into enclosures.

Throughfall

To determine how coquis affect throughfall water chemistry, ‘leaf
washes’ were obtained using methods articulated in Rea et al.
(2000). Two separate samples were collected from each enclosure:
one sample a composite collection from four Manilkara seedlings
and the other sample a composite collection from the four Piper
plants that were placed inside each enclosure. For each sample,
plants had distilled water sprayed over the top of each leaf on each
plant. A funnel was used to collect the leachates. A total of 60 ml
was collected from each species at each sampling time. Leaf wash
samples were collected every 2 weeks over the 4-month study
period. Leaf wash samples were stored in a freezer until they were
analyzed. All samples were filtered through GF/A glass fiber filters
(Whatman) prior to chemical analyses.

Total organic carbon (TOC) was measured using a TOC
analyzer (Shimadzu TOC-5000A). With filtered samples, the TOC
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analyzer measures dissolved organic carbon (DOC). Dissolved
inorganic nitrogen (ammonium, NH,*-N, and nitrate, NO;™-N) was
determined using a Perstop flow analyzer, and cations were
analyzed using a Perkin Elmer inductively coupled plasma optical
emission spectrophotometer (ICP-OES). Total dissolved nitrogen
was measured in samples following an alkaline persulfate digestion
with digests subsequently analyzed for NO;~ using the flow
analyzer automated colorimetric nitrate analysis. Dissolved organic
nitrogen (DON) was estimated by subtracting dissolved inorganic N
from total dissolved N. Chemical analyses for DOC, DON, and
cations on the ICP-OES were conducted on samples collected
during the last seven sampling periods and on NH4*-N and NO5™-N
for eight sampling periods.

Foliage

To determine and quantify whether coquis affect the chemical
quality of plant foliage, equal weight leaf samples were collected
from each plant and were combined to produce one sample per
species (Piper and Manilkara) per enclosure. Similar samples were
collected from plants that remained outside the enclosures. Samples
composited by species for each enclosure were oven-dried at 70°C
and ground using a Wiley Mill with a number 20 (2 mm) mesh
screen. Total C and N concentrations in foliage were determined by
dry combustion using the CHN elemental analyzer (LECO CNH-
600). Foliage elemental concentrations of Al, Ca, Fe, Mg, Mn, P, K,
and Zn were analyzed using a digestion procedure outlined in
Friedland et al. (1984). As part of this method, samples were ashed
at 500°C overnight in a muffle furnace and digested in 6 N HNO;.
The digests were then analyzed using the ICP-OES.

Leaf litter

To determine and quantify whether coquis change the nutrient
concentrations of recently senesced leaf tissues during decompo-
sition, two litterbags (15 x15 cm in size) were placed in each
enclosure (Anderson and Swift 1983). Each litterbag was con-
structed of fiberglass mesh material with 2-mm size openings and
was filled with 5 g of air-dried leaf litter (air-dried for >24 h).
Recently senesced litterfall was collected from the forest floor near
the study site. The mixed leaf samples consisted of the dominant
plant species in the site Dacryodes excelsa, Sloanea berteriana,
Cecropia schreberiana, Piper glabrescens, Manilkara bidentata,
Psychotria berteriana, Palicourea riparia, and Miconia spp.
Subsamples of air-dried litter were collected at the same time that
litterbags were being constructed and used to produce an air-dried
to oven-dried conversion factor.

Litterbags were removed at the termination of the experiment
(after 4 months). This period of time was deemed appropriate since
decomposition rates are <1 year in this forest (Bloomfield et al.
1993). Prior to chemical analyses, each retrieved litterbag was
cleaned of surface-adhering material and soil, and the remaining
litter material was oven-dried at 70°C. Litter samples were ground
using the same methods as the foliage samples. A subsample from
each litterbag was ashed overnight at 500°C to develop an ash-free
conversion factor to account for mineral contamination. Initial and
decomposed leaf litter samples were analyzed for their elemental
concentrations (Al, Ca, Cu, Fe, Mg, Mn, P, K, and Zn) using the
method outlined in Friedland et al. (1984). Digests were analyzed
using the ICP-OES. Total C and N of litter samples were
determined using the CHN elemental analyzer.

Coquis and invertebrates

Frog and invertebrates were collected within 300 m of the study site
in September and October 1999. Measurements were made on three
typical adult frogs (one female and two males) and three juvenile
frogs. Each individual frog was frozen, oven-dried at 70°C until
constant weight, and ground. Invertebrates were collected using
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Malaise traps and a dry collection technique within 300 m of the
study site. Invertebrates were consolidated, oven-dried at 70°C until
constant weight, and ground. Total C and N in the frogs and
invertebrates were determined using the CHN elemental analyzer.
Elemental concentrations of the frogs and invertebrates were
analyzed following digestion (Friedland et al. 1984) using the ICP-
OES.

Urine and feces

Urine and feces were sampled from coquis collected between 2000
and 2400 hours within 300 m of the study site in September and
October 1999. Frogs were placed in individual plastic bags
overnight. The bags contained sufficient air during this period to
not adversely affect them. Frogs were contained in the bags from 9—
15 h, released, and returned to the forest. These samples provide a
conservative estimate of how much urine and feces coquis produce
nightly since frogs had just emerged from retreats and had not
foraged.

To collect excrement, 60 ml of distilled water was added to each
plastic bag and mixed thoroughly. The 60 ml of water and urine
were then immediately frozen in small vials. To create control
vials, 60 ml of distilled water was rinsed in plastic bags, transferred
to vials, and frozen. All samples were filtered before they were
analyzed. There were 28 urine and 28 control samples for the urine
analysis. Coqui fecal material consists of discrete pellets. When
fecal matter was present, it was removed from the plastic bags
before the urine was rinsed out, placed in vials, and frozen. Two
samples of 30 consolidated fecal pellets were analyzed separately
for the feces analyses. Averages of the two samples are presented.
All samples were stored frozen until analyzed. Coqui urine was
analyzed for DOC using the TOC analyzer, NH4*-N, NO3;™-N, and
DON using the flow analyzer, and cations using the ICP-OES.
Coqui feces were analyzed for total C and N using the CHN
elemental analyzer and cations using the ICP-OES.

Statistical analyses

All statistical analyses were conducted using SAS for Windows
(6.12). To determine differences between the 10 experimental
enclosures and 10 control enclosures and differences between the
28 urine and 28 control samples, r-tests for two independent
samples were conducted using the TTEST procedure (SAS 1990).
For some throughfall analyses, where sampling dates served as
replicates, r-tests for paired means were conducted using the
MEANS procedure (SAS 1990). Averages for the variables were
calculated for each enclosure or each date as appropriate.
Assumptions of normality were met when necessary with log-
transformations.

Results

Throughfall

Leaf wash DOC concentrations were significantly greater
in the presence of coquis on two of seven sampling dates
for both Piper and Manilkara (df=18, P<0.05). Leaf wash
DON concentrations were significantly greater in the
presence of coquis on three of seven sampling dates for
Piper and two of seven sampling dates for Manilkara
(df=18, P<0.05). Leaf wash NH4* concentrations were
significantly greater in the presence of coquis on one of
eight sampling dates for Piper and on two of eight
sampling dates for Manilkara (df=18, P<0.05). Leaf wash
NO;3;~ concentrations were significantly greater in the
presence of coquis on one of eight sampling dates for
Piper and on two of eight sampling dates for Manilkara
(df=18, P<0.05). Ca, Fe, Mg, Mn, P, and K were found to
be significantly greater in the presence of coquis on at
least one of seven sampling dates for at least one of the
plant species (df=18, P<0.05). Al and Zn were the only
elements that were not found to be significantly greater in
the presence of coquis on at least one of seven sampling
dates (df=18, P>0.05). Elemental concentrations in leaf
washes with all sampling dates included are listed in
Table 1.

Foliage

No differences were recorded in the foliar concentrations
of total C, total N, or their C:N ratio when comparing
Piper plants or Manilkara seedlings growing in enclo-
sures with or without coquis (df=18, P>0.05). There were
no differences in foliar elemental concentrations of Al,
Ca, Cu, Fe, Pb, Mg, Mn, P, K, and Zn when comparing
Piper or Manilkara growing in enclosures with and
without coquis (df=18, P>0.05). There were no differ-
ences between the plants placed in the enclosures and the
plants that remained outside the enclosures (df=38,
P>0.05).

Table 1 Mean elemental con-

.o 2 . Element  Piper Manilkara

centrations in mg L™ (+1 SE) in

leaf washes collected biweekly Coquis No coquis Effect Coquis No coquis Effect
from June to October 1999 in

enclosures with coquis at post- DOC 12.62+7.55 1.52+0.34 -88% 6.02+3.23 1.35+0.34 —78%
disturbance densities and with- DON 0.61+£0.90 0.35+£0.16* -43% 1.50+0.47 0.34+0.09* ~77%
out coquis in the Bisley Water- NH,* 1.50+0.47 0.34+0.09* —75% 0.58+0.23 0.19+0.09* —67%
sheds, Luquillo Experimental NO;~ 0.17+£0.11 0.04+0.01 ~76% 0.09+0.03 0.10+0.08 +11%
Forest, Puerto Rico. Effect was Al 0.017+0.01  0.014+0.00 -18% 0.017+0.00 0.021+0.01 +24%
determined as the peréent Ca 1.87+0.77 0.70+0.14* -63% 0.78+0.34 0.33+0.03* -58%
change in concentrations in leaf ~Fe 0.28+0.27 0.010£0.00* -96% 0.14+0.13 0.02+0.01 —88%
washes collected as a result of Mg 0.20+0.08 0.086+0.02* -58% 0.078+0.02 0.04+£0.01* —49%
coqui exclusion and was calcu- Mn 0.12+0.11 0.003+0.00%* -97% 0.055+0.05 0.005+0.00* -90%
lated as the percent Change in P 8.62+8.52 0.55+0.54* —-94% 0.98+0.67 0.065+0.03* -93%
the variable: (without coquis — K 22.22+21.67  0.34+0.06* -98% 10.38+10.13 0.89+0.74* -91%
with coquis) / (with coquis); Zn 0.12+0.12 0.00+0.00 -100% 0.051+0.05 0.00+0.00 -100%

DOC dissolved organic carbon;
DON dissolved organic nitrogen

“There were significant differences when making comparisons by element between treatments for that
plant species using a -test at P=0.05



Table 2 Mean elemental concentrations of leaf litter in g kg™!
(1 SE) after decomposing for 4 months in enclosures with coquis
at post-disturbance densities and without coquis in the Bisley
Watersheds, Luquillo Experimental Forest, Puerto Rico

Element Enclosures Enclosures
with coquis with no coquis

C (g kg™ 385.88+3.14 413.72+3.32
N (g kg™ 14.60+0.01 13.69+0.00
C:N ratios 26.68+0.82 30.36x1.00*
Al (g kg™ 12.35+1.61 9.69+1.33
Ca (g kg™ 15.14+0.80 15.44+0.92
Cu (g kg™) 0.02+0.00 0.02+0.00
Fe (g kg™ 9.16+1.20 7.25+1.16
K (g kg™ 1.09+0.04 0.95+0.02*
Mg (g kg™ 1.71+0.05 1.65+0.04
Mn (g kg") 0.78+0.04 0.72+0.02
P (gkg™) 0.61+0.03 0.52+0.02*
Zn (g kg™ 0.04+0.00 0.04+0.01

“There were significant differences when making comparisons by
element between treatments using a #-test at P=0.10

Leaf litter

After 4 months of mixed leaf litter decomposition, there
was no significant difference in the total C or total N
contents of the litter by treatment (Table 2). However, the
C:N ratio of decomposing leaf litter was lower in
enclosures with coquis than in enclosures without coquis
(df=18, t=2.85, P=0.01). Differences were recorded in the
amount of nutrients measured in decomposing leaf litter
collected from enclosures with and without coquis after
4 months (Table 2). Both K and P concentrations were
higher in leaf litter collected from enclosures with coquis
than without coquis, although the difference was only
significant for K (df=18, t=3.17, 2.14, P=0.02, 0.08,
respectively). None of the other elements analyzed (Al,
Ca, Cu, Fe, Mg, Mn, and Zn) were found to differ
significantly between the treatments (df=18, P>0.05, for
all).

Coquis and invertebrates

Individual coquis analyzed in this study were typical
(Stewart and Woolbright 1996). The female dry weight
(wt) was 0.97 g [snout-vent length (SVL)=36.9], the
males averaged 0.47 g dry wt (SVL=29.55), and the
juveniles averaged 0.05 g dry wt (SVL=13.57). On
average, coqui tissue consisted of 78.7% water. On a dry
wt basis, coquis had the following elemental composi-
tions: 43.9% C, 11.9% N, 5.7 mg kg™! Al, 3,540 mg kg™
Ca, 0.8 mg kg! Cu, 9.8 mg kg™! Fe, 142 mg kg! Mg,
1.2 mg kg~! Mn, 2,530 mg kg~! P, 1,020 mg kg™' K, and
8.2 mg kg! Zn. Coqui elemental concentrations are
summarized in kg ha! in Fig. 1 and Table 3. On a dry wt
basis, invertebrate had the following elemental composi-
tions: 48.2% C, 10.6% N, 1,350 mg kg™! Al, 1,680 mg kg™
Ca, 51.7 mg kg™!' Cu, 880 mg kg~! Fe, 1,540 mg kg™! Mg,
77 mg kg™' Mn, 9,120 mg kg~! P, 10600 mg kg™! K, and
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Invertebrate
biomass (g/ha):
17,910 C
3,940N
62 Ca
57 Mg
340P

Respiration rate
(g/halyr):
12,300 C

390 K

Ingestion rate Coqui biomass Production =
(g/halyr): (g/ha): mortality rate
37,000 C 1,440 C (g/halyr):

8,000 N 390N 19,700 C

130 Ca 120 Ca 7,000 N

120 Mg 5Mg -200 Ca
700 P 80P 50 Mg
810K 30K 600 P
500 K

Egestion rate
(g/halyr):
4,000 C
1,000 N
330 Ca
70 Mg
100 P
310K

Fig. 1 Model of nutrients cycling in coqui populations at average
densities in the Luquillo Experimental Forest, Puerto Rico.
Modeled after Burton and Likens (1975b). Values for ingestion,
egestion, and biomass are independent estimates. Coqui respiration
and production are dependent estimates and were estimated using
parameters from Stewart and Woolbright (1996). The missing Ca
source may be from prey items, such as snails, that were not
included in the analysis

262 mg kg™' Zn. Invertebrate elemental concentrations
are summarized in kg ha™! in Table 1 and Fig. 1.

To determine the elemental content of invertebrates in
kg ha™!, their elemental content and total dry wt biomass
were used (Table 3). To estimate the dry wt of inverte-
brates consumed by coquis, the total number of individ-
uals consumed, the percent of the total that was each prey
item, and prey item dry wt estimates were used. The
amount of each element that coquis egest was estimated
using an ingestion-egestion coefficient from Woolbright
(1985). Egestion was also estimated using the urine and
feces results below.

Urine and feces

Coqui urine contains more NH4* than NO;~ (df=27,
P<0.001). There were higher concentrations of NH4* in
the urine than in the control samples (df=27, P<0.001).
There was no difference in NO3;~ concentrations between
urine and control samples (df=27, P=0.21). There were
greater concentrations of organic N in the urine than in
the control samples (df=27, P<0.001). However, the
percentage of total N that was organic did not differ
between the urine and control samples, with both urine
and control samples averaging 62% organic N (df=27,
P=0.97). There were greater concentrations of DOC in the
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Table 3 The estimated amount of each element in invertebrates as
a percent or in mg kg™!, and in kg ha™!, and the estimated amount of
each element in coquf ingestion and egestion in kg ha™! year™! in the
Luquillo Experimental Forest, Puerto Rico. Invertebrates and
coquis were modeled at average densities. Total invertebrate dry
wt biomass was estimated to be 37.2 kg ha™! (Odum et al. 1970).
This includes herbivores, decomposers, and spiders, but underes-
timates total biomass because some prey items (e.g., pseudoscor-

pions, scorpions, and snails) are not included. Data on the mean
biomass of invertebrates consumed by coquis was derived from the
total prey items per year and the percent of each prey item
consumed from Stewart and Woolbright (1996). The mg dry wt
prey item™ is from Reichle (1977). The amount of each element
egested by coquis was determined using the ingested-egested
conversion factor of 14.45% from Woolbright (1985)

Element Elemental concentrations Elemental content Elemental content Elemental content

of invertebrates of invertebrates of coqui ingestion of coqui egestion
(kg ha™) (kg ha™! year™!) (kg ha™! year™)

C 48.2% 17.91 36.96 5.37

N 10.6% 3.94 8.13 1.18

Al 1,350 mg kg™ 0.050 0.10 0.015

Ca 1,680 mg kg™ 0.062 0.13 0.019

Cu 52 mg kg™ 0.0022 0.0040 0.00060

Fe 878 mg kg 0.033 0.070 0.010

Mg 1,540 mg kg! 0.057 0.12 0.017

Mn 77 mg kg! 0.0029 0.0060 0.00090

P 9,120 mg kg™ 0.34 0.70 0.10

K 10,600 mg kg! 0.39 0.81 0.12

Zn 260 mg kg™ 0.0097 0.020 0.0030

Table 4 Estimated elemental contents of coqui feces and urine
(1 SE, n=28), the total expected amount of coqui feces and urine
(columns 2 and 3 summed), and existing data on throughfall
chemistry in this forest in kg ha™! year™! in the Bisley Watersheds,
Luquillo Experimental Forest, Puerto Rico. Coquis were modeled
using average densities. Throughfall estimates were collected in El

Verde, Luquillo Experimental Forest, Puerto Rico (McDowell
1998; Chestnut et al. 2000), except for DON, which was calculated
using a typical DOC:DON from the literature (Currie et al. 1996).
DOC dissolved organic carbon, DON dissolved organic nitrogen,
NA not available

Element Eliminated as feces Excreted as urine Sum of eliminated and excreted = Throughfall estimate for LEF
(kg ha™! year™) (kg ha™! year™) (kg ha™! year™) (kg ha™! year™)

Total C 3.04 NA 4.03 127

DOC NA 0.45+0.10 - NA

Total N 0.51 NA 1.09 8.6

DON NA 0.54+0.19 - 5.1

NO; NA 0.01+0.009 - 33

NH4 NA 0.18+0.04 - 0.18

Al 1.38E-05 0.002+0.0007 0.002 NA

Ca 0.0004 0.33+0.075 0.33 22.7

Fe 9.81E-06 0.002+0.0009 0.002 NA

Mg 2.30E-05 0.068+0.017 0.07 134

Mn 2.34E-06 0.0015+0.0003 0.002 NA

P 4.77E-05 0.102+0.017 0.10 0.45

K 1.38E-05 0.31+0.04 0.31 51.6

Zn 1.77E-06 Not Detectable 1.77E-06 NA

urine than in the control samples (df=27, P<0.001).
Elemental analyses of urine produced by one coqui per
night resulted in the following average amounts: 1.37E-
01 mg DOC, 1.72E-01 mg DON, 6.99E-02 mg NH,",
2.42E-03 mg NOjs~, 3.67E-04 mg Al, 7.66E-02 mg Ca,
4.94E-04 mg Fe, 1.59E-02 mg Mg, 3.32E-04 mg Mn,
2.52E-02 mg P, and 7.79E-02 mg K. Using the amount of
urine produced by coquis per night, average coqui
density, and the element content of urine, the amount of
each element excreted by coquis was estimated (Table 4).

From April to December in this forest, males produce
3.4 mg feces day™' and females produce 9.1 mg feces day~
!, and from January to March, males produce 3.1 mg feces
day™' and females produce 7.3 mg feces day~! (Wool-
bright 1985). Assuming a 1:1 sex ratio and the average dry

wt of adult feces as 0.006 g, adult coquis produce 7.2 kg
feces ha! year!. Assuming feces are proportional to
biomass, juvenile coquis feces weigh 0.0002 g. Juveniles
then contribute 1.2 kg feces ha™' year™! for a total coqui
contribution of 8.9 kg feces ha™' year™!. Fecal material
contained 34.2% C and 5.7% N, and the elemental
analyses resulted in the following average concentrations:
1.6 mg kg™' Al, 40.2 mg kg™ Ca, 0.05 mg kg™ Cu, 1.1 mg
kg™ Fe, 2.3 mg kg! Mg, 0.3 mg kg™! Mn, 5.4 mg kg! P,
1.6 mg kg! K, and 0.2 mg kg™' Zn. Using the estimated
total feces contribution ha™' year 'and the element content
of fecal material, the amount of each element that coquis
eliminate was estimated (Table 4).

A model of nutrient flow in coqui populations in the
LEF was constructed using average adult densities of 3,265



individuals ha™!, average pre-adult densities of 17,305
individuals ha™!, and a total dry wt of 3.3 kg ha™' (Fig. I;
Stewart and Woolbright 1996). Values for ingestion and
egestion were from Table 3 and Table 4, respectively. The
amount of C respired was calculated using an estimate of
the proportion of assimilation energy used as respiration
from Stewart and Woolbright (1996). The amount of C and
other nutrients remaining were estimated as production.
Using a steady-state growth model assumption, production
and mortality were set equal.

Discussion

In this study, coquis were found to increase the pool of
essential available nutrients that are known to limit
microbial and plant growth in the study forest (Silver et
al. 1994). Coqui presence during a 4 month experiment
resulted in higher concentrations of most nutrients
(including C, N, Ca, P, and K) in leaf wash solutions
coming off of forest understory plants and higher
concentrations of N, P and K in decomposing leaf litter
material on the forest floor. These same nutrients, in
particular DOC, NHy*, Ca, P, and K, were also detected in
high concentrations in coqui urine and fecal material, and
carcasses. Nutrients, such as NO5~, Al and Zn, which are
in low concentrations in coqui urine and fecal material,
and carcasses, were also in low concentrations in leaf
wash solutions (Table 1). The results suggest that coqui
waste production and population turnover increase the
cycling rate of nutrients in the system compared to a
system with no coquis. In a related study using the same
enclosures, the enclosures with no coquis were shown to
have higher arthropod biomass (Beard et al., in review).
Therefore, coquis increased nutrient cycling rates in the
experimental units over any increase in nutrient cycling
rates that may have resulted from the increase in
arthropod biomass in the absence of coquis.

Increased nutrient cycling rates occurs when coquis are
present because, although their biomass appears small
when compared to other pools in the ecosystem, animals
return a substantial portion of the nutrients they consume
back to the detrital system in the form of concentrated,
highly labile liquid and solid wastes, and carcasses (Ruess
and McNaughton 1987). In addition, species in higher
trophic levels can contribute more to nutrient availability
than their prey because their waste and bodies can be
more decomposable. For example, amphibian nitrogenous
waste is usually in the form of urea (46% N), and
invertebrate waste is typically in the form of uric acid, or
one of its breakdown products, which is the least soluble
form of nitrogenous waste (30% N). Similarly, amphibian
bodies lack a hard exoskeleton and are more likely to
decompose than are invertebrates; invertebrate bodies can
serve as nutrient sinks (Seastedt and Tate 1981). Future
studies to test the hypotheses that coqui waste products
and carcasses decomposer faster than invertebrate bodies
and frass would enhance this research.
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The idea that faunal species increase productivity by
‘accelerating’ the path of nutrients to the available pools
and avoiding storage in detritus is not new (Webb 1977).
It has long been suggested that faunal species can retain
nutrient molecules in the available pool for longer periods
of time than they would exist otherwise (Rigler 1973).
However, experimental tests of this idea, especially with
higher trophic level species in terrestrial systems, have
been less explored, most likely because of the difficulties
involved in conducting such a test. Our findings suggest
that vertebrate predators can play important roles in
ecosystem processes by contributing waste material and
carcasses and that, in fact, they may even have a greater
influence through these mechanisms than herbivores and
decomposers. If we assume that vertebrate predators only
have effects at the ecosystem level through changes in
their prey populations, unexpected ecosystem conse-
quences may result from predator losses.

Throughfall

Ecosystem studies have documented how throughfall
inputs of nutrients can be important in some ecosystems
even though concentration levels are typically low
compared to other nutrient fluxes within that system
(McDowell 1998). In previous studies, for example
during herbivorous insect outbreaks, herbivores have
been found to contribute significant amounts of nutrients
to the soil surface as a result of increasing frass (Lovett
and Ruesink 1995) and chemical leaching of foliar
surfaces (Tukey and Morgan 1963). Herbivores through
these mechanisms have been found to measurably
increase nutrient output from an ecosystem (Swank et
al. 1981). However, the importance of predators in
contributing to internal nutrient fluxes at the ecosystem
level in forests and especially as part of processes
occurring in forest canopies (e.g., throughfall) has only
been examined in a few cases (e.g., Gilmore et al. 1984).

Because of the difficulty involved in detecting the
impact of a species on throughfall chemistry with the
tremendous spatial and temporal variability that exists at
the ecosystem level (McDowell 1998), we used a small-
scale experiment to determine whether coquis affect the
nutrient concentrations of throughfall (i.e., leaf washes).
As predicted, most elements (especially DOC, NH4*, and
K) were detected at higher levels in leaf washes when
coquis were present than when they had been experimen-
tally removed (Table 1). While this is not the standard
approach for measuring throughfall in these forests (e.g.,
because water from the canopy was not sampled,
McDowell 1998), these numbers illustrate how their local
extinction could reduce nutrients in throughfall by 60-
100%, if precipitation was of short duration and coqui
densities were high. To illustrate how coquis may
influence throughfall chemistry at the whole ecosystem
level, in Table 4 coqui inputs from urine and feces were
modeled at average densities (20,000 individuals ha™').
This table shows that, even at average densities, coquis
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have measurable effects on the input in the system,
especially for N and P.

The plant species used in this experiment showed
variable responses to coqui presence. Piper plants were
more efficient at acquiring most surface deposited
nutrients (Table 1). However, coquis were only observed
sitting on Piper leaves during the study; Piper leaves
were better able to physically support them. Coqui effects
on Manilkara leaf wash chemistry were due to coqui-
associated atmospheric deposition, suggesting that coquis
do not need to sit on leaves to affect the amount of
nutrients coming off the foliage. A different plant
response to coquis has implications for other ecosystem
responses. For example, early successional species, which
are more likely to respond to nutrient pulses, should
respond more quickly to coquis (Fletcher et al. 1996).
Coquis may increase the rate of forest succession
following disturbances when early successional plant
and coqui densities are high.

One difficulty in using small scales to measure effects of
a species on plants is that plant species composition included
in the experimental system will determine what kind of
responses are measurable. In this study, understory plants
were used to determine the effect of coquis on throughfall
and foliar chemistry. Even though invertebrate densities are
greater closer to the forest floor (Garrison and Willig 1996),
coquis do not often forage on litter invertebrates (Beard et
al., in review). Coquis forage more heavily in the canopy
where competition for insects is great, and coqui effects on
reducing their prey is expected to be greater in the canopy
than the understory (Dial and Roughgarden 1995; Stewart
and Woolbright 1996). However, we expect that coqui
effects on increasing available nutrients on the forest floor
through waste material and carcasses will not depend on
their vertical location while foraging. Despite this, under-
story and canopy plants could have different responses to
coquis and caution should be used when scaling responses
from understory to canopy plants.

Leaf litter

Leaf litter decomposition and mineralization rates have
long been considered important variables to the potential
production on a site (Anderson and Swift 1983). Many
studies have been conducted to determine the importance
of waste production and population turnover of decom-

poser organisms in controlling litter decomposition rates
(Coleman et al. 1978; Ineson et al. 1982); however, few
have studied the importance of predator waste production
and turnover (Hanlon 1980). In a related study on leaf litter
decomposition using the same enclosures, after 4 months
554 + 6% (mean + SE) of the original leaf biomass
remained in enclosures with coquis and 69.1 + 5% of the
original leaf biomass remained in enclosures without
coquis (Beard et al., in review). The observed changes in
C:N ratios in the leaf litter with and without coquis from
the present study support the finding that coquis increased
decomposition rates (Melillo et al. 1982). The results
suggest that increased nutrient availability associated with
coquis caused this change. It is not clear whether
decomposition rates increased as a result of coqui waste
products or carcasses (ten carcasses in total). It would be
important in future studies to separate these mechanisms.

During this study, coqui exclusion from the system
lead to a 12.1% and 13.5% decrease in the amount of the
K and P, respectively, available to organisms decompos-
ing leaf litter (Table 2). If these results were scaled to the
ecosystem level, using an average forest floor litter
weight of 6,000 kg ha™! (Weaver and Murphy 1990),
coqui removal from the system would decrease the
amount of K available for decomposing the forest litter
from 6.6 to 5.7 kg ha™! and the amount of P available
from 3.7 to 3.1 kg ha™'. The decrease in both K and P
concentrations in the absence of coquis has implications
for nutrient cycling rates since both elements are consid-
ered to limit microbial activity and plant growth in this
forest (Silver et al. 1994). Also, since pulsed nutrient
inputs can maintain ecosystem functioning in the wet
tropics (Lodge et al. 1994), faunal species may contribute
significantly to this mechanism.

Coquis and invertebrates

To validate our findings, we compared our model of
nutrient fluxes in and through coqui populations to a
similar model created for a salamander, Plethodon
cinereus, in the Hubbard Brook Experimental Forest,
New Hampshire (Burton and Likens 1975a, b). We found
that nutrient concentrations were an order of magnitude
higher in coquis than in the salamanders even though
elemental concentrations were similar (Table 5). This was
expected since the standing stock of coquis is approxi-

Table 5 Comparison between

. Element Standing stock of salamanders Standing stock of coquis

the average nutrient concentra-

tions (in %) and average stand- (%) (g ha™) (%) (g ha™)

ing stock of nutrients (in g ha™)

of Plethodon cinereus popula- € 43.84 171 43.92 1,440

tions in the Hubbard Brook N 9.06 37.44 11.88 390

Experimenta] Forest, New Ca 3.43 11.86 3.54 116.17

Hampshire (Burton and Likens Mg 0.13 0.54 0.14 4.50

1975a, b) and Eleutherodacty- P 2.28 7.26 2.53 75.49

Ius coqui populations in the K 0.87 3.11 1.02 33.42
Zn 0.011 0.03 0.0082 0.27

Luquillo Experimental Forest,

Puerto Rico



mately 10 times higher than that of salamanders; P.
cinereus has an average density of 2,600 individuals ha™'
(Burton and Likens 1975a). While the quantity of
nutrients available from P. cinereus waste and production
may be lower than that from coquis, it would be
interesting to determine which species provides more
available nutrients to the plant and decomposers in its
respective ecosystem.

Based on the difference between the estimated amount
of the total nutrients eliminated and excreted (Table 3)
and the amount egested by coquis (Table 4), coquis
positively assimilate metal ions such as Al, Cu, Fe, and
Zn and negatively assimilate Ca, Mg, Mn, and K. This
was expected since there are no mechanisms for faunal
species to eliminate metal ions from tissues. The high
percentage of P in both P. cinereus and the coqui
indicates that both species are sinks for the element
(Burton and Likens 1975b). Decomposing coqui bodies
could be an important source of this nutrient since it is
limiting in this system. The diagram in Fig. 1 shows more
Ca being egested than ingested. This may have occurred
because the estimate for ingested nutrients did not include
snails, which are important prey items and high sources of
calcium.

Implications

Disturbances, such as hurricanes and treefalls, are driving
variables in the structure and functioning of the Luquillo
Experimental Forest, Puerto Rico (Foster et al. 1997). The
results from this study suggest that the coqui, because it
increases nutrient availability at the ecosystem level and
because its density increases following hurricane and
treefall events, may play an important role in ecosystem
resilience and recovery. Following a disturbance, the
ability of plants to obtain adequate nutrients is critical to
reestablish production levels. This is especially true
because litter inputs dramatically decline and there is
very little canopy for throughfall-leaching (Scatena et al.
1993). Following disturbances, the increase in coqui input
on plants and the increase in the number of decomposable
frog carcasses may become major pathways of nutrient
input.

The type, frequency, and severity of the forest
disturbance will alter the effect of the coqui both
temporally and spatially. Hurricane Georges was not as
severe as Hurricane Hugo, and, likewise, after Georges
the coqui population increase was smaller and shorter-
lived (L.L. Woolbright, unpublished data; Woolbright
1996). Adult numbers roughly doubled following
Georges, whereas they increased six-fold following Hugo.
Their increase after treefall events similarly depends on
the severity of the disturbance (i.e., the amount of habitat
structure added to the forest floor). Furthermore, coqui
effects following hurricanes are more spatially homoge-
neous at the landscape level than those following treefall
events. However, in both situations, the increase in coqui
density may be viewed as a type of “outbreak”. Since the
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experiment in this study was conducted using post-
disturbance densities, it would be interesting in future
studies to look more specifically at how shifting coqui
densities influence their role in the ecosystem.

Even when not considering disturbance events, the
species-specific effects found in this study will vary
temporally and spatially in the study forest. Even though
adult abundance is constant throughout the year, adults
forage and defecate more and juvenile abundance is
greater during the rainy season than during the dry season
(Stewart and Woolbright 1996). In addition, since plants
are actively taking up nutrients during the rainy season,
plants may more efficiently utilize coqui-induced increas-
es in nutrient availability at these times. Therefore, coqui
effects may be greater during the rainy months, or in the
months this experiment was conducted. As a final point,
depending on the scale of investigation, coqui effects
across the landscape may appear heterogeneous (i.e.,
greatest near perch sites) or homogeneous considering
their high and even population density in the forest (Beard
et al, 2002). Experiments that specifically address
hypotheses about how coqui impacts depend on season-
ality and the temporal and spatial scale of investigation
would enhance our understanding of their effects in the
study forest.

Studying the role of coquis in ecosystem processes
provides some understanding for how coquis, and similar
species, may affect systems where they are declining or
have been introduced. Unlike other Eleutherodactylus
spp. in Puerto Rico, which have more specific habitat
requirements, such as the cave-dwelling E. cooki, the
coqui has not experienced great population declines. No
clear understanding of what is causing the declines in
other Eleutherodactylus species has been reached (Stal-
lard 2001). In addition, the global distribution of the coqui
has been expanding in recent years. The coqui has been
introduced into at least four locations outside of Puerto
Rico, and most recently Hawaii, U.S. (Kraus et al. 1999).
The present research suggests that nutrient cycling rates
will decrease where Eleutherodacytlus spp. are lost and
that nutrient cycling rates will increase where coquis
invade. Studies of nutrient cycling rate changes where
coquis are invading would greatly add to our understand-
ing of the role of native and non-native vertebrate species
in influencing ecosystem functions.

A recent review of the literature on the role of insect
carcasses and frass has shown that different impacts on
ecosystem processes are found depending on the system
(Hunter 2001b). Like insects, the magnitude of the
influence of predators on changes in ecosystem level
nutrient influxes, and their subsequent effects on nutrient
cycling rates will likely depend on the system under study
(Schowalter 1999). However, a few general hypotheses
emerge from our results. Predators that are highly
abundant and not replaced functionally when removed
are more likely to be important in nutrient cycling.
Animal waste products and carcasses can become homo-
geneous nutrient sources if population densities are
sufficiently high; otherwise, their effects may be impor-
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tant nutrient pulses. The nutrients made available by
species and those limiting to the system will dictate which
species are important to nutrient dynamics. Our study
system is unique because of its high amphibian densities
and lower overall diversity compared with continental
areas. Future studies should be designed to determine
whether our findings are unique or whether other
vertebrate predators affect terrestrial nutrient cycling
rates through the addition of available nutrients in their
waste material and carcasses.

Acknowledgements This research was supported by funds pro-
vided by NSF to the University of Puerto Rico and IITF as part of
the Luquillo LTER program. The USDA IITF in Puerto Rico and
the Tropical Resources Institute provided additional funding. A.
Eschtruth, C. Shipnek, S. McCullough, S. VanWart, and E.
Goodwin provided field assistance and A. Eschtruth, L. Pyle, C.
Wilkinson, and J. Tilley provided laboratory assistance. F.N.
Scatena, D.J. Vogt, L.L. Woolbright, R.L. Wyman, and three
anonymous reviewers provided useful comments on earlier versions
of the manuscript.

References

Anderson JM, Swift MJ (1983) Decomposition in tropical forests.
In: Sutton SL, Whitmore TC, Chadwick AC (eds) Tropical rain
forest: ecology and management. Blackwell, Oxford, pp 287—
309

Angulo-Sandoval P, Aide TM (2000) Leaf phenology and leaf
damage of saplings in the Luquillo Experimental Forest, Puerto
Rico. Biotropica 32:415-422

Beard KH, McCullough S, Eschtruth A (2002) A quantitative
assessment of habitat preferences for the Puerto Rican terres-
trial frog, Eleutherodactylus coqui. J Herpetol (in press)

Bloomfield J, Vogt KA, Vogt DJ (1993) Decay rate and substrate
quality of fine roots and foliage of two tropical tree species in
the Luquillo Experimental Forest, Puerto Rico. Plant Soil
150:233-245

Boyce RL, Friedland AJ, Chamberlain CP, Poulson SR (1996)
Direct canopy nitrogen uptake from '"N-labeled wet deposition
by mature red spruce. Can J For Res 26:1539-1547

Brown JH, Heske EJ (1990) Control of a desert-grassland transition
by a keystone rodent guild. Science 250:1705-1707

Burton TM, Likens GE (1975a) Energy flow and nutrient cycling in
salamander populations in the Hubbard Brook Experimental
Forest, New Hampshire. Ecology 56:1068-1080

Burton TM, Likens GE (1975b) Salamander populations and
biomass in the Hubbard Brook Experimental Forest, New
Hampshire. Copeia 1975:541-546

Chapin FSI, Zavaleta ES, Eviner VT, Naylor RL, Vitousek PM,
Reynolds HL, Hopper DU, Lavorel S, Sala OE, Hobbie SE, et
al (2000) Consequences of changing biodiversity. Nature
405:234-242

Chestnut TJ, Zarin DJ, McDowell WH, Keller M (2000) A nitrogen
budget for late-successional hillslope tabonuco forest, Puerto
Rico. Biogeochemistry 46:85-108

Coleman DC, Anderson RV, Cole CV, Eliot ET, Woods L,
Campion MK (1978) Trophic interactions in soils as they affect
energy and nutrient dynamics. Flows of metabolic and biomass
carbon. Microbiol Ecol 4:373-380

Currie WS, Aber JD, McDowell WH, Boone RD, Magill AH
(1996) Fluxes of dissolved organic N and C in humid forest
soils in relation to retention of long-term N amendments.
Biogeochemistry 35:471-505

Daily G, (ed) (2000) Nature’s services: societal dependence on
natural ecosystems. Island Press, Washington, D.C.

Dial R, Roughgarden J (1995) Experimental removal of insecti-
vores from rain forest canopy: direct and indirect effects.
Ecology 76:1821-1834

Fletcher N, Haines BL, Cordero RA, Lodge JD, Lawrence RW,
Fernandez DS, Lawrence WT (1996) Responses of tropical
plants to nutrients and light on a landslide in Puerto Rico. J Ecol
84:331-341

Foster DR, Fluet M, Boose ER (1997) Human or natural
disturbance: Landscape-scale dynamics of the tropical forests
of Puerto Rico. Ecol Appl 9:555-572

Frank DA, Inouye RS, Huntly N, Minshall GW, Anderson JE
(1994) The biogeochemistry of a north-temperate grassland
with native ungulates: Nitrogen dynamics at Yellowstone
National Park. Biogeochemistry 26:163—188

Friedland AJ, Johnson AH, Siccama TG, Mader DL (1984) Trace
metal profiles in the forest floor of New England. Soil Sci Soc
Am J 48:422-425

Garcia-Martino AR, Warner GS, Scatena FN, Civco DL (1996)
Rainfall, runoff and elevation relationships in the Luquillo
Mountains of Puerto Rico. Caribb J Sci 32:413-424

Garrison RW, Willig MR (1996) Arboreal invertebrates. In:
Reagan DP, Waide RB (eds) The food web of a tropical rain
forest. University of Chicago Press, Chicago, pp 183-246

Gilmore AR, Gertner GZ, Rolfe GL (1984) Soil chemical changes
associated with roosting birds. Soil Sci 138:158-163

Hanlon RDG (1980) Influence of macroarthropod feeding activities
on microflora in decomposing oak leaves. Soil Biol Biochem
12:255-261

Hanlon RDG (1981) Influence of grazing by Collembola on the
activity of senescent fungal colonies grown on media of
different nutrient concentrations. Oikos 36:362-367

Hunter MD (2001a) Insect population dynamics meets ecosystem
ecology: effects of herbivory on soil nutrient dynamics. Agric
For Entomol 3:77-84

Hunter MD (2001b) Multiples approaches to estimating the relative
importance of top-down and bottom-up forces on insect
populations: experiments, life tables, and time series analysis.
Basic Appl Ecol 2:295-309

Ineson P, Leonard MA, Anderson JM (1982) Effect of collembolan
grazing upon nitrogen and cation leaching from decomposing
leaf litter. Soil Biol Biochem 14:601-605

Kiffney PM, Richardson JS (2001) Interactions among nutrients,
periphyton, and invertebrate and vertebrate (Ascaphus truei)
grazers in experimental channels. Copeia 2:422-429

Kraus F, Campbell EW, Allison A, Pratt T (1999) Eleutherodacty-
lus frog introductions to Hawaii. Herpetol Rev 30:21-25

Letourneau DK, Dyer LA (1998) Experimental test in lowland
tropical forest shows top-down effects through four trophic
levels. Ecology 79:1678-1687

Lips K (1998) Decline of a tropical montane amphibian fauna.
Conserv Biol 12:106-117

Lodge DJ, McDowell WH, McSwiney CP (1994) The importance
of nutrient pulses in tropical forests. Trends Ecol Evol 9:384—
387

Lovett GM, Ruesink AE (1995) Carbon and nitrogen mineralization
from decomposing gypsy moth frass. Oecologia 104:133-138

McDowell WH (1998) Internal nutrient fluxes in a Puerto Rican
rain forest. J Trop Ecol 14:521-536

McNaughton SJ, Ruess RW, Seagle SW (1988) Large mammals
and process dynamics in African ecosystems. BioScience
38:794-800

Melillo JM, Aber JD, Muratore JF (1982) Nitrogen and lignin
control of hardwood leaf litter decomposition. Ecology 63:621—
626

Odum HT, Abbott W, Selander RK, Golley FB, Wilson RF (1970)
Estimates of chlorophyll and biomass of the Tabonuco forest of
Puerto Rico. In: Odum HT (ed) A tropical rain forest. A study
of irradiation and ecology at El Verde, Puerto Rico. Division of
Technical Information, U.S. Atomic Energy Commission,
Washington, D.C. pp 13-120



Ostertag R, Scatena FN, Silver W (2002) Forest floor decompo-
sition following hurricane litter inputs in several Puerto Rican
forests. Ecosystems (in press)

Parmeter RR, Lamarra VA (1991) Nutrient cycling in a freshwater
marsh: the decomposition of fish and waterfowl carrion.
Limnol Oceanogr 36:976-987

Pimm SL, Jones HL, Diamond J (1988) On the risk of extinction.
Am Nat 132:757-785

Rea AW, Lindberg SE, Keeler GJ (2000) Assessment of dry
deposition and foliar leaching of mercury and selected trace
elements based on washed foliar and surrogate surfaces.
Environ Sci Technol 34: 2418-2425

Reichle DE (1977) The role of soil invertebrates in nutrient cycling.
Soil organisms as components of ecosystems. Ecol Bull
(Stockh) 25:145-156

Richards SJ, Mcdonald KR, Alford RA (1993) Declines in
populations of Australia’s endemic tropical rainforest frogs.
Pac Conserv Biol 1:66-77

Rigler RH (1973) A dynamic view of the phosphorous cycle in
lakes. In: Griffith EJ (ed) The environmental phosphorous
handbook. Wiley, New York, pp 539-568

Ruess RW, McNaughton SJ (1987) Grazing and the dynamics of
nutrient and energy regulated microbial processes in the
Serengeti grasslands. Oikos 49:101-110

SAS (1990) SAS/STAT user’s guide. SAS Institute, Cary, N.C.

Scatena FN, Silver W, Siccama T, Johnson A, Sanchez MJ (1993)
Biomass and nutrient content of the Bisley Experimental
Watershed, Luquillo Experimental Forest, Puerto Rico, before
and after Hurricane Hugo, 1989. Biotropica 25:15-27

Schlesinger WH (1997) Biogeochemistry: an analysis of global
change. Academic Press, San Diego, Calif.

Schowalter TD (1999) Throughfall volume and chemistry as
affected by precipitation volume, sapling size and defoliation
intensity. Great Basin Nat 59:79-84

Schowalter TD, Crossley DA Jr (1983) Forest canopy arthropods as
sodium, potassium, magnesium, and calcium pools in forests.
For Ecol Manage 7:143-148

Seale DB (1980) Influence of amphibian larvae on primary
productivity, nutrient flux, and competition in a pond ecosys-
tem. Ecology 61:1531-1551

Seastedt TR, Tate CM (1981) Decomposition rates and nutrient
contents of arthropod remains in forest floor. Ecology 62:13-19

Silver WL, Scatena FN, Johnston AH, Siccama TG, Sanchez MJ
(1994) Nutrient availability in a montane wet tropical forest:
spatial patterns and methodological considerations. Plant Soil
164:129-45

Stallard RF (2001) Possible environmental factors underlying
amphibian decline in eastern Puerto Rico: analysis of U.S.
government data archives. Conserv Biol 15:943-953

593

Stewart MM, Woolbright LL (1996) Amphibians. In: Reagan DP,
Waide RB (eds) The food web of a tropical rain forest.
University of Chicago Press, Chicago, pp 363-398

Swank W, Waide JB, Crossley JDA, Todd RL (1981) Insect
defoliation enhances nitrate export from forest ecosystems.
Oecologia 51:297-299

Terborgh J, Lopez L, Nunez VP, Rao M, Shahabuddin G,
Orihuela G, Riveros M, Ascanio R, Adler GH, Lambert TD,
et al (2001) Ecological meltdown in predator-free forest
fragments. Science 294:1923-1926

Teuben A, Verhoef HA (1992) Direct contribtuion by soil
arthropods to nutrient availability through body and faecal
nutrient content. Biol Fertil Soils 14:71-75

Tukey HB, Morgan JV (1963) Injury to foliage and its effects upon
the leaching of nutrient from above-ground plant parts. Physiol
Plant 16:557-564

Visser S (1985) Role of soil invertebrates in determining the
composition of soil microbial communities. In: Fitter AH,
Atkinson D, Read DJ, Usher MB (eds) Ecological interactions
in soil, plants, microbes, and animals. Blackwell, Oxford,
pp 297-317

Vitousek PM, D’Antonio CM, Loope LL, Westbrooks R (1996)
Biological invasions as global environmental change. Am Sci
84:468-478

Weaver PL, Murphy PG (1990) Forest structure and productivity in
Puerto Rico’s Luquillo Mountains. Biotropica 22:69-82

Webb DP (1977) Regulation of deciduous forest litter decompo-
sition by soil arthropod feces. In: Mattson WJ (ed) The role of
arthropods in forest ecosystems. Springer, Berlin Heidelberg
New York, pp 57-69

Wipfli MS, Hudson J, Caouette J (1998) Influence of salmon
carcasses on stream productivity: response of biofilm and
benthic macroinvertebrates in southeastern Alaska, USA. Can
J Fish Aquat Sci 55:1503-1511

Woolbright LL (1985) Sexual dimorphism in body size of the
subtropical frog, Eleutherodactylus coqui. Ph.D. Dissertation.
Biology Department, State University of New York, Al-
bany, N.Y.

Woolbright LL (1996) Disturbance influences long-term population
patterns in the Puerto Rican frog, Eleutherodactylus coqui
(Anura: Leptodactylidae). Biotropica 28:493-501

Wyman RL (1998) Experimental assessment of salamanders as
predators of detrital food webs: Effects on invertebrates,
decomposition and the carbon cycle. Biodivers Conserv
7:641-650



