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Abstract Detritus quality and quantity a�ect macroin-
vertebrate productivity and distribution in many fresh-
water ecosystems. This study experimentally investi-
gated the e�ects of leaf litter from Ceiba pentandra,
Dipteryx panamensis, Ficus yoponensis, and Platypodium
elegans on macroinvertebrate species composition,
richness, and abundance in arti®cial water-®lled tree
holes in a lowland moist forest of Panama. Species
composition was similar among treatments, but species
richness and longevity di�ered among litter types and
were consistently highest with Platypodium litter. Similar
patterns were observed in natural tree holes of the focal
tree species. The mosquito Culex mollis was the most
abundant species in the ®eld experiment. Average con-
ductivity and dissolved oxygen concentration di�ered
among leaf species, but pH did not. Leaf toughness was
positively correlated with mean macroinvertebrate
abundance and cumulative species richness. A labora-
tory experiment measured C. mollis yield and pupation
time in tree hole microcosms containing the four litter
species. Cumulative mosquito mass and time to pupat-
ion di�ered among leaf litter species, with Platypodium
litter supporting the greatest yield. Pupation was slowest
on Ceiba litter. Grazing by mosquito larvae facilitated
leaf decomposition in all treatments. Results suggest
that di�erences in macroinvertebrate species richness
and mosquito yield can be attributed to di�erences in
nutritional quality among litter species.
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Introduction

Detritus, especially decaying leaves and other plant
matter, is an important resource for invertebrates in
terrestrial (Anderson and Macfadyen 1976; Swift et al.
1979) and aquatic (Anderson and Sedell 1979; Webster
and Ben®eld 1986) systems. Many freshwater macroin-
vertebrates directly consume leaf litter and/or its attached
decomposer microfauna. Aquatic macroinvertebrate
productivity and distribution are a�ected by detritus
quality and quantity (Egglishaw 1964; Stout et al. 1985;
Sweeney and Vannote 1986; Corkum 1992), which limit
the growth of some taxa (Gee 1988; Richardson 1991;
Dobson and Hildrew 1992).

The degradation rate of litter is in¯uenced by physi-
cochemical characteristics of the leaves, environmental
conditions, and characteristics of decomposer microbes
(Witkamp 1966; Kaushik and Hynes 1971; Swift et al.
1979; Webster and Ben®eld 1986). On land and in water,
leaves tend to degrade at species-speci®c rates (Stout
1980; Webster and Ben®eld 1986; Cornejo et al. 1994;
Cornelissen 1996), and the degradation rate of detritus
and its nutritional quality are often correlated (Swift
et al. 1979; Golladay et al. 1983). Thus, di�erent species
of leaves (and the microbes they support) may not be
equal in nutritional value to the organisms that consume
them (Sweeney and Vannote 1986; Canhoto and GracË a
1995; Walker et al. 1997).

Lignin and nitrogen content in¯uence the decompo-
sition rates of leaves (Melillo et al. 1982; Taylor et al.
1989; EnrõÂ quez et al. 1993; Cortez et al. 1996; Ostrofsky
1997; but see Gillon et al. 1994 and Prescott 1995). Leaf
toughness is a function of leaf ®ber content (e.g., lignin,
cellulose) and is negatively correlated to leaf nutrient
content (% nitrogen) for many tropical plant species
(Coley 1983). Typically, the relative mass of leaf material
lost during decomposition is positively correlated with
nitrogen content, and negatively correlated with lignin
content (Swift et al. 1979; Webster and Ben®eld 1986)
and toughness (Akanil and Middleton 1997).
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Some aquatic macrodetritivores and microorganisms
show feeding preferences when o�ered di�erent leaf
species in the laboratory (BaÈ rlocher and Kendrick 1973;
Friberg and Jacobsen 1994; Canhoto and GracË a 1995).
In natural settings, the species of litter present can in-
¯uence aquatic macroinvertebrate community properties
such as abundance, species composition, species rich-
ness, and trophic structure (Basaguren and Pozo 1994;
Dobson 1994; Kok and Van der Velde 1994; Maloney
and Lamberti 1995; Gee and Somer®eld 1997).

Leaf litter is the nutrient base for food webs in most
water-®lled tree holes, phytotelmata formed by the col-
lection of rainwater in branch crotches and other woody
cavities (Kitching 1971). As in other aquatic systems,
leaves in tree holes are degraded by leaching of soluble
compounds into the water, and by the activity of mic-
roorganisms, especially bacteria and fungi (Fish and
Carpenter 1982). Although some tree hole macroinver-
tebrates directly consume decaying litter (Carpenter
1982a; Paradise and Dunson 1997), most feed by grazing
decomposer microbes from litter surfaces or ®ltering
microbes suspended in the water column (Fish and
Carpenter 1982; Walker and Merritt 1991). Tree holes
are tractable study systems given their small size and
relatively simple macroinvertebrate communities; they
can be replicated for experiments with simple container
microcosms that approximate the natural system, gen-
erally attracting the same species found in natural holes
(Pimm and Kitching 1987; Fincke et al. 1997; Srivastava
and Lawton 1998).

Leaf litter quality a�ects the growth of some tree hole
macroinvertebrate species (Carpenter 1982b; Fish and
Carpenter 1982; Lounibos et al. 1993; Walker et al.
1997), and faster-degrading leaves tend to support
greater mosquito productivity (Fish and Carpenter 1982;
but see Carpenter 1982b). In the forest of Barro Colo-
rado Island (BCI), Panama, water-®lled holes in some
trees (e.g., free-standing Ficus spp.) are often dominated
by leaf litter from the crown of the same tree. This
pattern is especially evident in holes at midstory and
canopy heights, but also occurs in understory holes (e.g.,
holes associated with tree buttresses or other convolu-
tions that channel litterfall; personal observation). In
addition, prior observations from natural tree holes on
BCI (Yanoviak 1999) suggested a possible tree species
e�ect on the diversity and composition of tree hole
macroinvertebrates.

In low to moderately productive ecosystems, an
increase in nutrient availability can support a larger
number of individual consumers and coexisting species
(reviewed by Rosenzweig 1995; Srivastava and Lawton
1998). This study was designed to test the hypothesis
that di�erent leaf litter species di�ering in quality
(toughness) a�ect macroinvertebrate community struc-
ture (species composition, richness, and abundance), and
mosquito yield and pupation time in arti®cial tree holes.
I predicted that softer (higher-quality) leaves would
degrade faster and support larger numbers of macroin-
vertebrate individuals and species in ®eld-based con-

tainer habitats. I also predicted that softer leaves would
support greater mosquito yield and shorter mosquito
pupation time in laboratory microcosms.

Materials and methods

Experiments were conducted in the forest and laboratory buildings
of the Smithsonian Tropical Research Institute on BCI (see Leigh
et al. 1996 for a site description). Leaves of Ceiba pentandra (L.)
(Bombacaceae), Dipteryx panamensis (Pitt.) (Fabaceae), Ficus
yoponensis Desv. (Moraceae), and Platypodium elegans Vogel
(Fabaceae) were used in all experiments. I chose these species
because they are deciduous, relatively common on BCI (see Croat
1978), and frequently have tree holes in their trunks, buttresses, or
branches. Fresh leaves were collected from tree crowns or recent
branch falls, air dried in the laboratory for >10 days, and oven
dried at 70°C for 48 h. Although drying leaves in this manner may
a�ect their degradation rate (Taylor and BaÈ rlocher 1996; Taylor
1998) and nutritive value (BaÈ rlocher et al. 1978; Lounibos 1985),
drying enabled standardization of initial litter weights for the ex-
periments in this study. Fresh leaves tend to have a higher nutrient
content and degrade faster than senescent leaves (Stout et al. 1985;
Maloney and Lamberti 1995). I used fresh leaves because they are a
substantial component of litterfall in tropical forests (Stout 1980)
and fresh leaves often dominate the litter entering BCI tree holes
during the wet season (personal observation).

Leaf toughness was used as an indirect measure of nutritional
quality. Although toughness is a relatively ambiguous measure of
leaf quality (Swift et al. 1979), it was the simplest way to quantify
structural di�erences among the litter types used in the study.
Drying can alter the ®brous structure of leaves (Goering and Van
Soest 1970). To ensure that leaves used for toughness measure-
ments were comparable to leaves used in experiments, I dried leaves
of all species (as described above) and rehydrated them by total
immersion in rainwater for 24 h before measuring toughness.
Leaves were secured between two acrylic sheets through which an
array of holes had been drilled. Five to eight leaves of each species
were punched up to ®ve times each (³25 punches per species) with a
commercial penetrometer (Chatillion). I avoided the midribs of the
leaves in this procedure. The tip of the penetrometer rod was
3.0 mm in diameter, the entrance holes in the acrylic frame were
4.2 mm and the exit holes were 5.0 mm in diameter.

Field experiment

Five replicates of arti®cial tree holes (black plastic cups; 9 cm di-
ameter ´ 12 cm height, ca 650 ml total volume), each containing
one of the four experimental leaf species, were placed in the BCI
forest in mid-August 1997. The 20 cups (4 leaf treatments ´ 5
replications) were tied to small trees (15±25 cm dbh) with 6-mm
polypropylene rope (passed once around the tree and through two
holes in the section of cup rim adjacent to the trunk). This design
facilitated conduction of at least some stem¯ow to the cups.
All cups were located about 1 m above the ground and >5 m
apart.

Each cup initially contained 4.00 � 0.01 g of dried leaf litter
and a strip of balsa wood (0.15 ´ 4 ´ 12 cm) as an oviposition site
for insect colonists (Novak and Peloquin 1981). Leaf fragment size
was standardized (ca 15 cm2) among treatments as much as pos-
sible to control for leaf area e�ects (Cornejo et al. 1994; Maloney
and Lamberti 1995). I added 350 ml rainwater and 50 ml ®ltered
natural tree hole water pooled from ®ve holes [in Lacmellea
panamensis (Woods.) (Apocynaceae) and Pterocarpus rohrii Vahl
(Fabaceae)] to each cup. Heavy rains ®lled all cups to capacity
within 24 h of setup. I measured conductivity, dissolved oxygen
(DO) and pH of the water with a Corning modular electronic meter
immediately after the experiment was established, and again on
days 2, 7, 21, and 49 to determine e�ects of litter species on general
chemical characteristics of the water over time.
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Each cup was emptied into a white pan in the ®eld and the
species composition and abundance of macroinvertebrates re-
corded once per week on weeks 1±5 and 7. Any extraneous mac-
rodetritus (particles >0.25 cm2) present in a sample was removed.
Except for occasional subsamples of larvae and pupae needed to
con®rm species identi®cations, I returned all macroinvertebrates to
each cup after counting. At the end of the experiment, the re-
maining leaf material was collected, dried at 70°C for 48 h, and
weighed to the nearest 0.001 g. In all treatments except Ficus, the
remaining leaf fragments resembled the initial litter inputs (i.e.,
litter was not noticeably shredded by macroinvertebrates), and the
leaf material could be recovered with forceps. Ficus leaves tended to
soften rapidly and were skeletonized by scirtid beetle larvae, leaving
behind primarily the venation and epidermis. I sieved the Ficus cup
contents through a screen (1 mm mesh) in the ®eld to collect these
small fragments.

I used Sùrensen's (1948) coe�cient of similarity [Cs = 2j(a+b))1,
where j = number of species common to two treatments, and a and
b = the number of species in each treatment] to quantify overlap in
species composition (all replicates pooled) among the four leaf litter
types. Di�erences in macroinvertebrate species richness and abun-
dance among treatments were analyzed with repeated-measures
ANOVAs.

Laboratory experiment

A laboratory experiment was undertaken to determine di�erences
in degradation rates of the four leaf species with and without Culex
mollis mosquitoes, and di�erences in C. mollis yield and pupation
time among the four litter species. I used C. mollis because it was an
abundant early colonist in the ®eld experiment (Table 1), it is rel-
atively common in natural tree holes (Fincke et al. 1997), and its
egg rafts are easy to recognize and collect in the ®eld. Small plastic
cups (8.5 cm height ´ 5 cm diameter) served as experimental
microcosms.

The experimental design was a 4 ´ 2 factorial replicated ®ve
times, with leaf species and presence/absence of mosquitoes as main
e�ects. Each of the 40 cups initially contained 150 ml ®ltered
rainwater, 3 ml natural tree hole water, 333 � 0.5 mg dry weight
of one leaf species, and a strip of balsa wood (1 ´ 10 ´ 0.15 cm),
and was allowed to stand for 2 days to allow fungal and bacterial
growth. I added 100 neonate (<12 h posthatch) C. mollis larvae to
half of the cups over 5 days. Larvae added to a cup were pooled
from at least two ®eld-collected egg rafts (>20 rafts), and neonates
originating from any single egg raft were divided among cups as
much as possible. The litter and mosquito quantities used were
within the range of densities observed in natural holes of the focal
tree species. All cups were maintained at 23°C and rainwater was
added weekly to compensate for evaporation.

Cups were checked daily and any newly formed mosquito pu-
pae were collected to quantify di�erences in mosquito yield and
pupation time among the four litter species. I used pupae as a
measure of yield because they are easier to collect and handle than
adults. Pupae accumulated from a cup were dried at 70°C for ³24 h
and weighed to the nearest 0.1 mg. The experiment was terminated
30 days after the ®rst mosquito input. All leaf litter fragments and
any C. mollis larvae remaining in the cups were collected, oven
dried, and weighed.

A two-way ANOVA was used to analyze di�erences in mean
percent litter remaining among leaf treatments with and without
mosquitoes. No mosquitoes survived beyond the third larval instar
in one of the cups containing Ceiba leaves, so this replicate was
excluded from the analysis of pupation time.

Natural tree holes

I compared the abundance, species richness, and composition of
macroinvertebrates found in natural holes of the four focal tree
species on BCI. Data were from multiple censuses of holes in living

trees conducted from 1995 to 1997 on BCI (Yanoviak 1999).
Natural tree holes collectively contained more taxa than the arti-
®cial tree holes of the ®eld experiment. To standardize comparisons
between the natural and arti®cial holes, I only used data for the 19
taxa that occurred in both types. The number of censuses di�ered
among tree species, and mean macroinvertebrate species richness
was correlated with sampling e�ort (r = 0.97, P = 0.03, n = 4),
so ten censuses were randomly chosen from each tree species (all
Ceiba censuses were used) for the analyses. Overlap in macroin-
vertebrate species composition among the four tree species (all
samples pooled) was quanti®ed with Sùrensen's coe�cient.

Data were tested for normality with normal probability plots
and analyzed with one-way ANOVAs, except where noted above or
in the Results. I used a posteriori Ryan-Einot-Gabriel-Welsch
multiple-range tests (REGWQ option; SAS 1989) to compare
means when ANOVA results were signi®cant. Macroinvertebrate
abundance and leaf toughness data were log(x+1) transformed to
correct variance heterogeneity (Sokal and Rohlf 1981), and pro-
portional leaf mass data were arcsine square root transformed.
Means presented in the Results are of untransformed data.
Voucher specimens of collected macroinvertebrates were deposited
at the Smithsonian Tropical Research Institute, Panama, and the
US National Museum, Washington, D.C.

Results

Except for Limatus assuleptus and Trichoprosopon dig-
itatum, all of the macroinvertebrates encountered in the
®eld experiment commonly occur in natural holes on
BCI. Most taxa colonized all treatments in approxi-
mately equal proportions (Table 1), and macroinverte-
brate species composition was very similar among
treatments (Table 2). Species turnover was generally
consistent among litter types during the study. The
abundance of C. mollis and the syrphid ¯y Copestylum
rafaelanum declined over time, whereas scirtid beetles
and the mosquitoes Aedes terrens, Culex urichii and
Haemagogus spp. typically colonized later and increased
in abundance over time (Fig. 1). Most other taxa (e.g.,
psychodid ¯ies; Fig. 1) colonized cups irregularly during
the middle weeks. This early successional pattern also
occurs in newly formed natural tree holes on BCI
(Yanoviak 1999).

The average number of macroinvertebrate species
di�ered signi®cantly among litter types in the ®eld
experiment (F3,16 = 7.35, P<0.003; Fig. 2A). Average
macroinvertebrate abundance also di�ered among
treatments (F3,16 = 10.87, P<0.001), but only for the
®rst 4 weeks (Fig. 2B). Platypodium litter supported the
greatest number of species (and individuals until week
5), whereas species richness and abundance were similar
among the other litter types (Fig. 2).

Macroinvertebrate species colonizing the Platypodi-
um treatment persisted for longer periods of time than
in other treatments. The mean number of consecutive
censuses that species occurred in the Platypodium
treatment was greater than in the other treatments
(Table 3). In terms of species frequencies, the average
number of species present in a cup on two or more
consecutive censuses was greatest in Platypodium,
whereas the number of species not present on any con-
secutive census dates was similar among treatments
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(Table 3). Of 12 taxa that were rare (<1% total abun-
dance) or absent in at least one other treatment, 10 were
either present or more abundant (in absolute numbers)
in the Platypodium treatment.

Data from natural holes in the four tree species
showed patterns similar to the arti®cial holes of the ®eld
experiment. For the subset of 19 species found in both
the natural and arti®cial holes, abundance did not di�er
among tree species, but holes in Platypodium were the
most species rich (Table 4). Holes in di�erent tree spe-
cies also di�ered with respect to mean height and volume
(Table 4), which can in¯uence the number of macroin-
vertebrate species present (Yanoviak 1999) and possibly
confound tree species e�ects. Patterns of macroinverte-
brate species overlap among tree species were similar to

Table 1 Mean percent abundance of taxa occurring among di�er-
ent leaf types in the ®eld experiment. Parentheses indicate the
number of cups (out of ®ve) containing a taxon within a treatment.
Raw abundance data were pooled across sample dates for each cup
and converted to proportions. Each cup was treated as a sample in

the calculation of treatment means (n = 5). Some individuals were
unavoidably counted more than once. Column totals are not ex-
actly 100% due to rounding. Asterisks indicate that the taxon
occurred in natural holes of the tree species

Taxon Ceiba Dipteryx Ficus Platypodium

Odonata: Pseudostigmatidae
Mecistogaster spp. 0* 0.1 (1)* 0* 0.1 (1)*

Diptera: Ceratopogonidae
Bezzia snowi 9.1 (2) 11.3 (3)* 0.1 (1)* 1.7 (3)*
Forcipomyia spp. 3.5 (3) 1.6 (2) 0.3 (1)* 3.7 (4)*

Diptera: Chironomidae
Chironomus spp. 0.1 (1)* 0* 0* 0*

Diptera: Culicidae
Aedes septemstriatus 0 0* 0 0.1 (1)*
A. terrens spp. complex 0.5 (2)* 2.4 (4)* 1.4 (3)* 1.1 (4)*
Anopheles eiseni 0.2 (1)* 0* 0.1 (2)* 0.1 (1)*
Culex conservator 0 0.2 (2)* 0.3 (1) 0*
C. corrigani 1.4 (2) 0* 0.4 (1)* 2.5 (2)*
C. mollis 36.9 (4)* 50.8 (5)* 53.2 (5) 51.3 (5)*
C. urichii 14.0 (5) 19.1 (5)* 19.1 (3)* 8.4 (5)*
Haemagogus spp. 0.3 (2) 0.3 (1)* 1.7 (3)* 0.7 (3)*
Limatus assuleptus 0 1.0 (4) 0.2 (2) 0
Orthopodomyia fascipes 0 0* 0* 3.8 (4)
Toxorhynchites theobaldi 0.3 (2) 0.2 (1) 0.1 (2) 0.1 (3)*
Trichoprosopon digitatum 13.3 (2) 2.0 (4) 1.1 (1) 1.8 (1)*

Diptera: Psychodidae
Telmatoscopus spp. 0.3 (3) 0.5 (4)* 0.4 (3)* 3.2 (5)*

Diptera: Syrphidae
Copestylum rafaelanum 14.8 (5) 6.3 (5)* 13.1 (5)* 19.0 (5)*

Diptera: Tipulidae
Sigmatomera spp. 0.3 (1)* 1.2 (3)* 0.1 (2)* 0.2 (2)*

Coleoptera: Scirtidae
Prionocyphon and Scirtes spp. 5.0 (2)* 3.1 (1)* 8.3 (4)* 2.3 (2)*

Count totals 1756 2126 2554 4759
Cumulative number of species 15 15 16 17

Table 2 Sùrensen's similarity coe�cients for macroinvertebrate
assemblages occurring among the four leaf litter species in arti®cial
holes of the ®eld experiment and natural holes of the same tree

species. Coe�cients do not di�er between arti®cial and natural
holes (Wilcoxon two-sample test, P = 0.13)

Dipteryx Ficus Platypodium

Arti®cial Natural Arti®cial Natural Arti®cial Natural

Ceiba 0.800 0.609 0.903 0.571 0.875 0.560
Dipteryx ± ± 0.903 0.867 0.813 0.882
Ficus ± ± ± ± 0.848 0.813

Fig. 1 Mean (+SE) abundance of the syrphid ¯y Copestylum
rafaelanum (´ 0.1 for clarity), the mosquito Aedes terrens, and
psychodid ¯ies over the course of the ®eld experiment (n = 20 for
each mean)
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the ®eld experiment, and average overlap values did not
di�er between natural and arti®cial holes (Table 2).

The four leaf species used in this study di�ered with
respect to their physicochemical properties. Platypodium
and Ficus leaves were tougher than Dipteryx and Ceiba
leaves (F3,108 = 51.40, P<0.001; Fig. 3), but degraded
faster (measured as percent leaf mass remaining at the
end of the experiment; F3,16 = 273, P<0.001; Fig. 4).
Average leaf toughness was positively correlated with
average macroinvertebrate abundance (pooled across
time; r = 0.96, P = 0.035, n = 4) and cumulative

species richness among treatments (r = 0.99,P = 0.006,
n = 4). Water conductivity (in¯uenced by material
leached from litter) was greatest in the Ficus and Platy-
podium treatments (F3,16 = 27.9, P<0.001; Fig. 5A).
DO also di�ered signi®cantly among leaf types
(F3,16 = 7.18, P = 0.003, Fig. 5B), but this di�erence
is attributed to a single measurement day, and the
time ´ treatment interaction was highly signi®cant
(P = 0.0001). There was no di�erence in mean pH
among treatments (F3,16 = 2.26, P = 0.12), and pH
gradually increased over the course of the experiment
(time e�ect: F3,16 = 42.2, P<0.001; Fig. 5C).

Rates of leaf litter degradation in the laboratory
experiment corroborated the ®eld results: Ficus and
Platypodium had lower mean proportions of litter mass
remaining than Ceiba and Dipteryx (F3,32 = 880,
P<0.001; Fig. 6). All litter types degraded faster in the
presence of mosquitoes (F1,32 = 152, P<0.001; Fig. 6).
Mosquito yield (cumulative total mass) was greater in
Ficus and Platypodium treatments than in Ceiba and

Fig. 2 Mean (+SE) species richness (A) and abundance (B) of
macroinvertebrates censused in the ®eld experiment (n = 5 for each
mean). There was a signi®cant time ´ treatment interaction for
abundance (P = 0.007), but not for richness (P = 0.35)

Table 3 Means (SE in parentheses) of longevity variables for
macroinvertebrates occurring in the ®eld experiment. Persistence
number of consecutive samples a species was present in a cup,

Consecutive number of species present on ³2 consecutive censuses,
Irregular number of species not present on consecutive censuses. v2

values are from Kruskal-Wallis tests; df = 3, *P < 0.05

Ceiba Dipteryx Ficus Platypodium v2

Persistence 2.0 (0.52) (n = 15) 2.6 (0.47) (n = 15) 2.0 (0.54) (n = 16) 3.8 (0.33) (n = 17) 8.46*
Consecutive 4.2 (0.20) (n = 5) 5.8 (0.37) (n = 5) 3.8 (0.37) (n = 5) 7.8 (0.37) (n = 5) 15.75*
Irregular 3.4 (0.68) (n = 5) 4.2 (0.37) (n = 5) 3.2 (0.37) (n = 5) 2.8 (0.58) (n = 5) 3.55

Table 4 Mean (SE in parentheses) macroinvertebrate species
richness and abundance, and mean (SE in parentheses) height and
volume for natural holes in the focal tree species sampled on Barro
Colorado Island from 1995 to 1997. Holes number of individual

holes censused, Censuses total number of censuses per tree species.
v2 values are from Kruskal-Wallis tests with df = 3 and n = 10
censuses for each mean; **P < 0.01

Ceiba Dipteryx Ficus Platypodium v2

Richness 2.4 (0.50) 4.5 (0.67) 3.6 (0.60) 6.6 (0.85) 14.95**
Abundance 34.7 (9.4) 27.5 (14.2) 67.3 (38.6) 75.6 (36.0) 1.10
Height (m) 26.2 (3.70) 10.8 (3.92) 7.8 (1.88) 2.3 (2.10) 18.74**
Volume (l) 8.91 (1.30) 1.50 (0.18) 0.29 (0.07) 0.42 (0.07) 23.83**
Holes 5 17 12 19
Censuses 10 22 17 33

Fig. 3 Mean (+SE) force required to punch through the four leaf
species with a penetrometer. n = 25 for Ceiba and Platypodium, 26
forDipteryx, and 36 for Ficus. The horizontal line connects means that
are not signi®cantly di�erent
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Dipteryx (F3,16 = 51.22, P<0.001), but average indi-
vidual pupa mass did not di�er among litter species
(F3,16 = 0.39, P = 0.76). Mosquitoes reared on Dip-
teryx litter had longer average pupation time (days to
the appearance of the ®rst pupa) than mosquitoes in the
three other treatments (F3,15 = 23.0, P<0.001; Fig. 7).

Discussion

Although the experimental microcosms used in this
study were highly simpli®ed representatives of natural

tree holes, the results suggest that the composition of
leaf litter in tree holes and similar container habitats can
in¯uence macroinvertebrate community properties and
mosquito development. Given that physical habitat
characteristics were standardized by using arti®cial
holes, most variation in community parameters can be
attributed to chemical or nutritional di�erences among
leaf species. Chemicals leached into the water from dif-
ferent types of leaves may attract di�erent species or
di�erent numbers of colonizing species during com-
munity assembly. Alternatively, di�erences in nutrient
content among litter types may cause local extinctions
in an established macroinvertebrate community due
to energy limitation (Connell and Orias 1964; Wright
1983).

Compounds dissolved in tree hole water can attract
and deter some container-breeding insect species (Pe-
tersen and Chapman 1969; Lounibos 1978; Bentley et al.
1979, 1982), including congeners of this study. However,
the high overlap in macroinvertebrate species composi-
tion among treatments (Table 2) indicates that selective
colonization during community assembly was not a
primary cause of di�erences in species richness among
litter types. Tree holes on BCI and elsewhere are gen-

Fig. 4 Mean (+1 SD) percent of initial litter mass remaining in the
four treatments at the end of the ®eld experiment. n = 5 for each
mean. The horizontal line connects means that are not signi®cantly
di�erent

Fig. 5 Mean (�SE) conductivity (A), dissolved oxygen (B), and pH
(C) of the water in the four treatments of the ®eld experiment (n = 5
for each mean)

Fig. 6 Mean (+1 SD) percent of initial litter mass remaining in the
four treatments at the end of the laboratory experiment (n = 5 for
each mean). All means are signi®cantly di�erent among leaf species
within a treatment and between treatments

Fig. 7 Mean (+SE) number of days to appearance of ®rst pupa and
total mosquito mass from the four litter species in the laboratory
experiment. The ordinate scale is the same for both variables. Means
marked with the same letters are not signi®cantly di�erent within
development time (R, S) and mass (A, B, C)
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erally colonized by macroinvertebrates that are special-
ists in these and similar container habitats, so high
similarity in macroinvertebrate species composition
among treatments and among natural holes in the focal
tree species (Tables 1, 2) was expected. The presence of
several species in natural holes that were absent from
arti®cial holes (Table 1) suggests that even greater
overlap in species composition might have occurred had
the experiment run longer. For example, eggs of pseu-
dostigmatid damsel¯ies require 12±196 days from ovi-
position to hatch (Fincke 1998, 1999), and it is probable
that most cups contained damsel¯y eggs that did not
hatch within the experiment time span.

The results of this study provide stronger support for
nutrient limitation (i.e., local extinctions) than di�eren-
tial colonization as a mechanism for di�erences in
macroinvertebrate species richness and abundance
among treatments. Greater nutrient availability gener-
ally leads to greater consumer species richness within a
habitat (Rosenzweig 1995), as shown for temperate ar-
ti®cial tree hole communities by Srivastava and Lawton
(1998). One hypothesized mechanism for positive pro-
ductivity-diversity relationships is that greater resource
availability allows the persistence of rare species (Con-
nell and Orias 1964; Wright 1983; Rosenzweig 1995).
Leaf litter can be a limiting resource for tree hole mac-
roinvertebrates that feed on the decomposer microfauna
(Carpenter 1983; Hard et al. 1989; LeÂ onard and Juliano
1995), and higher-quality litter presumably prevents or
delays extinctions that would otherwise result from local
resource depletion. The greater longevity of species
(Table 3) and the greater abundance of rare species in
the Platypodium treatment support the conclusion that
Platypodium litter is a higher-quality nutrient source
than the other litter types used.

The results of this study also provide correlative ev-
idence that the leaf types di�ered in nutritional quality
during the early stages of decomposition. Ficus and
Platypodium had the fastest degradation rates (Figs. 4,
6), the greatest toughness (Fig. 3), and leached the most
material into the water (as indicated by higher conduc-
tivity; Fig. 5A). Mosquito yield was greatest on Ficus
and Platypodium litter in the laboratory experiment
(Fig. 7), and Platypodium supported the largest species
richness and abundance in the ®eld experiment (Fig. 2).
Although average species richness in the Ficus treatment
was similar to Ceiba and Dipteryx treatments (Fig. 2A),
Ficus litter supported a larger number of macroinverte-
brates (Fig. 2B) and slightly higher species richness
(Fig. 2A) at week 1. The convergence of mean macro-
invertebrate species richness and abundance among
treatments during the last weeks of the experiment
(Fig. 2) suggests that the remaining litter material was
entering the second phase of decomposition, when more
resistant components of the leaves (e.g., lignin) are
slowly degraded (Carpenter 1982a; Gillon et al. 1994).

The prediction that softer leaves would degrade faster
was not supported. I attribute this discrepancy to the
secondary role of leaf ®ber as a colonization substrate

for microorganisms, possible host speci®city among de-
composer microbes, and the comparatively closed nature
of the tree hole habitat. Lignin and other leaf ®bers tend
to slow decomposition by interfering with enzyme ac-
tivity (Melillo et al. 1982; Webster and Ben®eld 1986),
but also provide a colonization substrate for microor-
ganisms that may use external nutrient sources for
growth (Suberkropp 1995). Microbial assemblages show
some speci®city for di�erent types and species of detritus
(Swift et al. 1979; Cornejo et al. 1994; Lodge 1997), and
di�er in their ability to degrade leaf ®ber (Suberkropp
and Klug 1980; Chamier 1985). Although microbes were
not examined in this project, microbial densities and
growth di�ered among litter species in a similar tree hole
microcosm study (Fish and Carpenter 1982).

An important di�erence between tree holes and larger
aquatic systems is that soluble nutrients derived from
leaf litter (plus contributions from tree sap and wood)
tend to accumulate in tree hole water and are potentially
available to microbes attached to leaf ®bers. Heavy rains
and stem¯ow cause some dilution and nutrient export
from tree holes (Walker and Merritt 1988; Walker et al.
1991), but the e�ect is small compared to the losses that
occur in ¯owing water. Conductivity results (Fig. 5A)
suggest that material leached from leaves is retained in
the system for several weeks. Thus, in con®ned standing-
water habitats, leaves with greater ®ber content may
provide more substrate for specialized microbial as-
semblages and ultimately degrade faster, especially if
exogenous nutrients are abundant.

Whereas di�erences in conductivity (Fig. 5A) resulted
from di�erences in leaching among litter types and may
have indirectly in¯uenced the macroinvertebrate com-
munities, the di�erence in DO among treatments
(Fig. 5B) and variation in pH over the course of the ®eld
experiment (Fig. 5C) probably had little or no e�ect on
community parameters. Most tree hole macroinverte-
brates obtain atmospheric oxygen at the water surface
and are not limited by DO content. The increase in pH
over the course of the experiment was not extreme and I
do not consider it to be a potential cause of extinctions.
All measured DO and pH values were within the range
observed for natural tree holes on BCI (Fincke 1999;
Yanoviak 1999).

The proportion of litter mass remaining in the labo-
ratory experiment was consistently lower in the presence
of C. mollis (Fig. 6). Carpenter (1982a) and Fish and
Carpenter (1982) observed similar facilitation e�ects of
the tree hole mosquito A. triseriatus on leaf litter de-
composition in microcosm experiments. C. mollis feeds
primarily by grazing leaf surfaces (personal observa-
tion), and there was no evidence that these larvae
shredded or directly consumed any of the leaf material in
this study. The presence of grazers can enhance litter
degradation by stimulating microbial metabolism
through continuous cropping (Lopez et al. 1977; Car-
penter 1982a) or by excreting nutrients that are limiting
to the decomposers (Hargrave 1970; Walker et al. 1997).
One or both of these mechanisms may be responsible for
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the di�erence in decomposition rates with and without
mosquitoes in this study.

The number of days to the appearance of the ®rst
C. mollis pupa was similar in all treatments of the lab-
oratory experiment except Dipteryx (Fig. 7), indicating
that nutrients were su�ciently abundant in most treat-
ments to support mosquito growth during the ®rst week.
Cumulative mosquito yield in the laboratory (Fig. 7)
and results from the ®eld experiment (Figs. 2, 3, and 4)
show that Ceiba and Dipteryx leaves are approximately
equal in nutritional value for macroinvertebrates; slow
growth of mosquitoes on Dipteryx litter therefore seems
anomalous. Di�erences in the abundance or composi-
tion of the microbial decomposer fauna, or growth-
inhibiting anti-herbivore compounds in the Dipteryx
leaves may explain this delayed development.

Observations prior to this study suggested a possible
tree species e�ect on macroinvertebrate diversity in wa-
ter-®lled tree holes on BCI. Data from natural tree holes
support these observations, but should be interpreted
with caution; multiple factors unrelated to the tree spe-
cies can in¯uence macroinvertebrate diversity in tree
holes. By using arti®cial tree holes as an experimental
system, I controlled some of these potentially con-
founding factors and showed that leaf litter quality may
contribute to variation in macroinvertebrate community
structure in tree holes, at least during the early stages of
leaf decay.
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