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Abstract

Bacteria and fungi provide critical links between leaf
detritus and higher trophic levels in forested headwater
food webs, but these links in tropical streams are not well
understood. We compared the roles of bacteria and fungi
in the leaf decomposition process and determining
feeding preference for two species of freshwater shrimp
found in the Luquillo Experimental Forest, Puerto Rico,
using experimental microcosms. We first tested the ef-
fects of four treatments on decomposition rates for leaves
from two common riparian species, Cecropia scheberiana
(Moraceae) and Dacryodes excelsa (Burseraceae), in lab-
oratory microcosms. Treatments were designed to alter
the microbial community by minimizing the presence of
bacteria or fungi. The fastest decay rate was the control
treatment for D. excelsa where both bacteria and fungi
were present (k = )0.0073 day)1) compared to the next
fastest rate of k = )0.0063 day)1 for the bacterial-con-
ditioned D. excelsa leaves. The fastest decay rate for
C. scheberiana was also the control treatment
(k = )0.0035 day)1), while the next fastest rate was for
fungal-conditioned leaves (k = )0.0029 day)1). The
nonadditive effect for leaf decomposition rates observed
in the control treatments where both fungi and bacteria
were present indicate that bacteria and fungi perform
different functions in processing leaf litter. Additionally,
leaf types differed in microbial colonization patterns. We
next tested feeding preference for leaf type and microbe
treatment in microcosms using two species of freshwater
shrimp: Xiphocaris elongata, a shredder, and Atya lanipes,
a scraper/filterer. To estimate feeding preferences of
individual shrimp, we measured change in leaf surface
area and the amount of particles generated during 5-day
trials in 16 different two-choice combinations. X. elong-
ata preferred D. excelsa over C. scheberiana, and leaves

with microbial conditioning over leaves without condi-
tioning. There was no clear preference for fungal-condi-
tioned leaves over bacterial-conditioned leaves. This lack
of preference for which microbes were responsible for the
conditioning demonstrates the importance of both bac-
terial and fungal resources in these tropical stream food
web studies.

Introduction

One tenet in stream ecology maintains that forested
headwater streams are detritus-based ecosystems where
allochthonous inputs comprise a significant source of
energy and nutrients for food webs [2, 17, 48]. Because
allochthonous inputs are a critical component of head-
water food webs, leaf litter breakdown remains an
important target of research. Although it is well docu-
mented that microbial conditioning is often a necessary
phase before macroinvertebrate use [3, 15, 18], little is
known about how fungi and bacteria interact to process
leaves in stream food webs [30].

Microbial conditioning of leaf matter aids in the
transfer of energy to higher trophic levels by increasing
the nutritional value and palatability of leaf matter [3, 11,
23] and by metabolizing recalcitrant leaf components
such as lignin and hemicellulose [1, 35, 42]. Microbes
also contribute to the physical degradation of leaf
material and particle production for invertebrate use
[37]. The dominant view currently is that fungi perform a
critical role in conditioning leaf material before sub-
sequent invertebrate use while bacteria are thought to
play a secondary role [13]. This perspective is the result
of several studies showing that fungal biomass and pro-
duction are significantly higher than that of bacteria on
decomposing leaf matter [5, 19, 21]. These studies,
however, do not directly address whether production and
biomass are the best predictors for assessing the role of
fungi and bacteria in leaf decomposition. Some authorsCorrespondence to: M.S. Wright; E-mail: mswright@uga.edu
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suggest that the role of bacteria in leaf decomposition has
been underestimated, and that bacteria alter leaf structure
and composition in a fundamentally different manner
from that of fungi [20, 30, 35]. Findlay et al. [12] suggest
that while bacteria may not be quantitatively significant
in invertebrates’ diets, they may be qualitatively impor-
tant. The difference between fungal and bacterial
importance in transferring energy and nutrients to higher
trophic levels may be less distinct than previously
thought if measures other than microbial biomass and
production are tested (e.g., leaf breakdown rates and
invertebrate feeding preference).

The relative importance of bacteria and fungi in leaf
decomposition and invertebrate feeding may be influ-
enced by the chemical composition of leaves. Studies
have examined leaf chemical attributes such as lignin
content and secondary compound concentrations as
possible predictors for substrate preferences among mi-
crobes and detritivores [32, 36, 43]. Studies examining
the effects of secondary compounds on decomposition
rates and microbial colonization in aquatic ecosystems
are equivocal, often finding that other factors are better
predictors of leaf quality [6, 32, 33]. The one leaf char-
acteristic that consistently predicts microbial coloniza-
tion and leaf decomposition rates is lignin content. The
chemical structure of lignin renders it a particularly re-
calcitrant leaf component, and while some microbes
possess enzymes capable of hydrolyzing it, most inver-
tebrates do not [35]. Higher lignin concentrations are
associated with slower microbial colonization rates and
have a corresponding effect on reducing invertebrate
feeding [4, 14].

The vast majority of leaf decomposition studies are
conducted in temperate streams, and less is known about
the importance of microbial processing in tropical sys-
tems [but see 13, 18, 22, 29, 38]. Some researchers
speculate that microbes in the tropics play a more sig-
nificant role in leaf decomposition [22, 26, 38, 43]. Warm
water temperatures and the relatively continuous input of
leaf litter may influence the microbial community on leaf
substrates in tropical streams [22, 43, 48]. Moreover, the
relatively high species richness of riparian forests in
tropical catchments results in a greater complexity of leaf
chemistry compared to most temperate riparian forests
[7]. These factors may lead to differences in microbial
functioning compared to temperate streams.

A critical assessment of the relative importance of
both fungi and bacteria in lotic food webs is ongoing but
incomplete [4, 13, 19, 27, 30, 45]. In this study we
manipulated the microbial assemblage on two leaf species
to assess the role of fungi and bacteria in transferring
energy to higher trophic levels in tropical headwater
streams. This energy transfer can be via the consumption
of both microbial biomass or microbial byproducts such
as carbon-rich exopolysaccharides. We used two species

of freshwater shrimp that have different modes of feeding
to elucidate how this difference affects the relative
importance of fungi and bacteria in stream food webs.
We tested the effect of leaf attributes on the relative
importance of bacteria and fungi using two leaf types that
represent different secondary compound content and
lignin composition. We anticipated that shrimp would
prefer leaves colonized by both fungi and bacteria when
given the choice, but preference between fungi- and
bacteria-conditioned leaves would be less distinct, and
that shrimp species would differ in their preference due
to differing modes of feeding. We expected shrimp to
prefer lower-lignin leaves and that the lower-lignin leaves
would decompose faster.

Methods

Study Site and Organisms. This study took place in
the Luquillo Experimental Forest (LEF) in northeastern
Puerto Rico, latitude 18�18’ N, longitude 65�47’ W. This
secondary mature tabonuco forest is dominated by
Dacryodes excelsa (Burseraceae), Cecropia scheberiana
(Moraceae), and Prestoea acuminate (Palmae) in riparian
zones. Mean annual precipitation is 3600 mm, and
stream temperatures typically range between 20�C and
26�C with little seasonal change. Headwater streams are
heavily shaded and have low nitrogen and phosphorus
levels resulting in limited primary production [8].

Atyidae shrimp are abundant in headwater streams
and are important components of food webs in upper
elevations of larger rivers in the LEF [10, 28]. Atya lanipes
is a collector/scraper under low-flow conditions and
opportunistically filter feeds when flow is >5 cm s)1 [8].
The freshwater shrimp, Xiphocaris elongata, is an
omnivorous feeder on coarse particulate organic matter
(CPOM) and aquatic insect larvae. In headwater streams,
this species is considered to be a member of the shredder
functional group. These two species dominate the shrimp
assemblage in LEF first- and second-order streams
numerically and in biomass and therefore play a signifi-
cant role in Puerto Rican stream food webs [9, 10].

Leaf Types and Preparations. We used freshly
senesced leaves from D. excelsa (tabonuco) and C.
scheberiana (cecropia) collected from the forest floor for
these experiments. Tabonuco is high in secondary com-
pound content (hydrolyzable tannins) but low in lignin,
whereas cecropia is low in secondary compound content
but has a high percentage of lignin [16, 25, 46]. Tabo-
nuco and cecropia have roughly the same initial nitrogen
content, but cecropia leaves are typically 10 times larger.
To standardize leaf area, we cut intact leaves into 3 cm ·
3 cm squares using square templates as guides. We
minimized differences in initial leaf mass by standardiz-
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ing leaf thickness and avoiding holes and midvein sec-
tions.

Leaf Decomposition Rate in Laboratory Experi-

ments. For the leaf decomposition experiment, we set
up 24 microcosms (59 cm · 43 cm · 15 cm) in a com-
pletely randomized order. Each microcosm was aerated
and covered with shade cloth to minimize light vari-
ability, algal growth, and water temperature, and each
contained 5 L of stream water collected from Quebrada
Prieta, a second-order stream in the LEF. There were four
treatments (‘‘fungi’’: fungi present, bacteria minimized;
‘‘bacteria’’: bacteria present, fungi minimized; ‘‘neither’’:
both bacteria and bacteria minimized; ‘‘control’’: both
groups present) replicated six times. For ‘‘bacteria’’ mi-
croscosms, we initially placed 250 mg of the fungicide
nystatin (Sigma Aldrich) into each container. To mini-
mize bacteria from ‘‘fungi’’ microcosms, we used 250 mg
of both tetracycline and chloramphenicol (Sigma Al-
drich). For the ‘‘neither’’ microscosms, we added all three
chemicals as described above. These target concentrations
of 50 mg L)1 were suggested by Sigma Aldrich [40] as
effective for cell culture applications, and nystatin was
used by Kaushik and Hynes [23]. We added no chemicals
to the ‘‘control’’containers where both bacteria and fungi
were present. To determine the effectiveness of the
antimicrobial treatments, we plated approximately seven
leaf fragments removed from random leaf disks on
nutrient broth agar, and monitored the development of
microbe colonies growing out from these fragments.
Plates for evaluating bacterial growth contained nystatin.
After 72 h of incubation, digital photographs were taken
and the images were later scored for bacterial and fungal
growth. The number of fragments demonstrating bacteria

or fungal growth was recorded, and a percentage was
calculated for each sampling date. Though many mi-
crobes are not culturable, this technique served as a
rough estimate of what was present.

Once per week, we removed 1 L of water from each
microcosm and added 1 L of fresh water from Quebrada
Prieta and the appropriate chemicals based on a 50 mg
L)1 concentration to maintain a supply of microbe col-
onizers and nutrients. Once we established that water
temperature varied little over the course of the day, we
measured water temperature once per week for every
aquarium. We randomly collected one leaf disk of both
cecropia and tabonuco from each container once per
week for 12 weeks to estimate leaf decomposition. We
also collected disks on day 2 to determine leaf mass lost
due to leaching. Disks were immediately dried at 50�C for
48 h and then weighed.

Shrimp Feeding Trials. We used 16 different two-
choice test combinations (Table 1), replicated four times
to create 64 tests per feeding trial. Feeding aquaria were
10 cm · 20 cm · 34 cm and contained 1.5 L of water
collected from Quebrada Prieta. Each aquarium was
aerated using one airstone attached to an aquarium
pump and covered with shade cloth to minimize algal
growth. Feeding trials for both X. elongata and A. lanipes
were performed after 2 days of leaf incubation, and then
at 2-, 4-, 6-, 8-, and 10-week leaf incubation intervals.

We obtained shrimp from baited traps placed in
Quebrada Sonadora, a third-order stream in the LEF, for
use in feeding trials. We used shrimp of the appropriate
species and a size range between 10 and 17 mm in car-
apace length, which constitutes a median size class for
shrimp found in this stream. Freshly collected shrimp

Table 1. Sixteen different two-choice test combinations used for short-term feeding trials and X. elongata feeding preference results
over all test dates

Test Choice 1 Choice 2
Trials where choice

1 was preferred
Trials where
shrimp fed

Possible
trials

1 Tabonuco Control Cecropia Control 12 16 22
2 Fungi Fungi 16 19 22
3 Bacteria Bacteria 16 19 22
4 Neither Neither 9 15 22
5 Cecropia Control Cecropia Neither 14 15 22
6 Control Bacteria 5 8 22
7 Control Fungi 7 12 22
8 Fungi Neither 9 14 22
9 Fungi Bacteria 7 13 22
10 Bacteria Neither 8 14 22
11 Tabonuco Control Tabonuco Neither 13 19 22
12 Control Bacteria 15 21 22
13 Control Fungi 8 18 22
14 Fungi Neither 16 19 22
15 Fungi Bacteria 10 19 22
16 Bacteria Neither 14 18 22

Tests 1–4 examine leaf type effect, tests 5–10 examine microbe effect within the cecropia leaf type, and tests 11–16 examine microbe effect within the
tabonuco leaf type. Choice 1 represents the predicted preferred choice of the two-choice combination. Control: fungi and bacteria present; fungi: fungi
present, bacteria minimized; bacteria: bacteria present, fungi minimized; neither: fungi and bacteria minimized.
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were used in each trial. Prior to use in the feeding trials,
shrimp were kept in the lab for a 2-day period in aerated
aquaria without food to allow for acclimatization and the
passage of fecal matter.

Experiments with X. elongata during week 8 were
exceptional in that only 32 tests were performed (two
replications of the 16 tests) because of a combination of
lost traps and shrimp mortality.

We randomly assigned a test combination to each
container, and one shrimp was then placed in each
container with the two leaf disks collected from the leaf
decomposition microcosms. After 5 days, the shrimp was
removed, while leaf disks were photographed, dried for
48 h at 50�C, and weighed. Particles from the water were
collected by filtration (250 lm pore size) and then air
dried and photographed for digital image analysis to
quantify the amount of particles produced.

Digital Image Analysis. Images were obtained
using an Olympus Camedia C-2040 Zoom camera with a
3· optical zoom, 2.5· digital zoom, and 2.1 megapixel
resolution. We used the ImageJ 1.29 program [31] to
analyze particle filters for the percentage of the image
covered by particles. We used Image Tool Version 3.0
software [47] to analyze leaf surface area for the leaf disks.

Leaf Toughness. To determine the effect of each
microbe treatment on leaf toughness, we used a pene-
trometer and recorded what weight was necessary to
penetrate the leaf surface. We performed this test on
three leaves of both cecropia and tabonuco from all 24
aquaria at the end of the experiment (t = 84 days). As an
initial reference, we tested the toughness of 18 disks of
each species after leaching them for 2 days in stream
water.

Statistical Analysis. For leaf decomposition in
aquarium microcosms, we fit a linear regression line
using SAS to the natural log of the average percent
remaining using microbe treatment and leaf type as co-
variates [41]. We compared decay coefficients using the
Student-Newman-Keuls (SNK) multiple comparison
method with a = 0.05.

In order to establish feeding preference we first cal-
culated the change in leaf area by subtracting the final leaf
area from the initial reference area of 9 cm2 for each leaf
disk. No leaf disks in A. lanipes trials exhibited evidence
of feeding, so these leaves were not analyzed for change in
leaf surface area. To quantify preference in X. elongata
trials, we next subtracted the change in area for the first
leaf disk from the change in area for the second disk in
the paired combination from each trial. The first leaf disk
in the equation was always the hypothesized ‘‘preferred’’
leaf of the two-choice combination. Therefore, the dif-
ference between the two changes in leaf area would be

positive according to the null hypothesis. Positive dif-
ferences received a ‘‘1’’ and negative values received a
‘‘0,’’ and we used logistic regression to analyze whether
the proportion of trials receiving a ‘‘1’’ was statistically
greater than 0.5 for each of the 16 test combinations. This
point represents the proportion that would arise by
chance if no preference existed. No test had a significant
date effect or date and test interaction, so we dropped
these terms from the model and used the intercept as an
estimate of the proportion of shrimp that showed a
preference.

We censored those shrimp that did not eat anything
for analysis of feeding preference. However, we used this
information to examine whether shrimp did not eat be-
cause of laboratory conditions, or because they chose not
to feed on either of the offered choices, by comparing the
percent of trials where shrimp fed across tests and over
time. We analyzed the effect of time on the amount of
leaf material consumed by running an ANOVA with date,
microbe/leaf treatment combination, and the interaction
term as factors to calculate slope estimates on data from
trials where shrimp fed. We used ANOVA to examine
shrimp species, test, and date effects on the percentage of
filter area covered by particles and particle count. We
then compared tests using the SNK method. We log-
transformed the data because plots of residuals versus
predicted values indicated increasing variance. We also
examined leaf mass change as another potential response
for establishing feeding preference, but this measure was
too variable to provide accurate results. This likely is due
to differences in initial leaf mass and microbial biomass,
rendering it difficult to separate the shrimp feeding effect
on mass from this variability.

To evaluate the effects of microbe treatment and leaf
type on leaf toughness, we used ANOVA with microbe
treatment and leaf type as covariates [41]. Means for each
microbe treatment/leaf type combination were compared
using the SNK multiple comparison method with
a = 0.05.

Results

Microbial Leaf Decomposition. Water temperature in
microcosms varied little over time and ranged from 25 to
29�C. This temperature is not above the range found in
LEF streams. Culture plates revealed that the microbial
community was significantly altered among treatments
and that treatments generally were effective at reducing
the appropriate microbe group (Table 2). On average,
approximately 25% of the leaf fragments in ‘‘fungi’’ and
‘‘neither’’ leaf disks had bacterial growth compared to
100% of fragments from the ‘‘bacteria’’ and ‘‘control’’
leaf disks. In all, 14.5% of leaf fragments from ‘‘bacteria’’
and 22.7% of fragments from ‘‘neither’’ leaf disks had
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fungal growth, compared to 98.6% and 83.2% of leaf
fragments from ‘‘fungi’’ and ‘‘control’’ leaf disks,
respectively.

Leaves on average lost 40–48% of their initial weight
over the first 2 days, and 43–50% within in the first week
(Fig. 1). Between day 7 and day 14, leaves across treat-
ments increased in mass, with the �fungi� and �control�
leaves increasing the most. After day 14, mass generally
declined, but some periods experienced increasing mass,
particularly in the �fungi� treatment (Fig. 1). On day 35,
there was an increase in mass of leaves from the �neither�

treatment suggesting fungal contamination due to
methodological issue related to the nystatin supply, but
on subsequent days this effect diminished once the
contamination was eradicated when a new supply of
nystatin was used.

Cecropia patterns in the ‘‘fungi’’ treatment where
bacteria were minimized indicated that mass followed a
cyclical pattern increasing and decreasing, while mass in
the ‘‘control’’ declined (Fig. 1). No cecropia treatment
reached a mass below that of mass on day 7, the mass before
microbial buildup. Tabonuco leaves exhibited a general
decline in remaining mass over time. This decline is espe-
cially evident for ‘‘control’’ and ‘‘bacteria’’ treatments.

Cecropia leaves had significantly slower decay coef-
ficients compared to tabonuco in the ‘‘control’’ and
‘‘bacteria’’ treatments but not in the ‘‘neither’’ and
‘‘fungi’’ treatments (Table 3). Within cecropia, none of
the microbe treatment k-values differed significantly
from each other, but the ‘‘control’’ k-value was grouped
with the tabonuco ‘‘bacteria’’ and ‘‘fungi’’ treatment
values, indicating that decomposition was faster than the
other treatments. Within tabonuco, the ‘‘neither’’ treat-
ment was not different from the ‘‘fungi’’ treatment, but it
was significantly slower than the ‘‘bacteria’’ and ‘‘con-
trol’’ treatments. The ‘‘fungi’’ treatment k-value was
grouped with the ‘‘bacteria’’ treatment, but was signifi-
cantly slower than the ‘‘control’’ treatment. The ‘‘bacte-
ria’’ and ‘‘control’’ treatments did not differ significantly.
In summary, differences in decomposition were most
pronounced between leaf types in terms of the relative
importance of fungi and bacteria. Bacteria were effective
in increasing decomposition of tabonuco but not
cecropia.

Penetrometer Results. There was a significant
interaction between leaf species and microbe treatment in
determining leaf toughness (p < 0.0001, df = 4). Initial
leaf toughness did not differ significantly between
cecropia and tabonuco (Fig. 2). However, after 84 days of
incubation, cecropia was significantly softer than tabo-
nuco regardless of microbial exposure. Microbe treat-
ments also differed with ‘‘control’’ and ‘‘fungi’’

Table 2. Mean percentage (± 1 s.e.) of cultured leaf fragments
exhibiting bacterial or fungal growth from each microbe treat-
ment over the course of the 10-week microcosm leaf decompo-
sition

Microbe treatment Bacterial growth Fungal growth

Bacteria 100 ± 0.0 14.5 ± 7.5
Fungi 25.9 ± 5.9 98.6 ± 1.4
Neither 24.3 ± 4.4 22.7 ± 8.9
Control 100 ± 0.0 83.2 ± 6.4

Figure 1. Mean percent mass remaining for leaves in aquarium
microcosms by microbe treatment and leaf type. Error bars rep-
resent one standard error (n = 6).

Table 3. Leaf decomposition coefficients (k) from aquarium
microcosms

Leaf type Microbe treatment k SNK grouping

Cecropia Neither )0.00083 a
Bacteria )0.00021 a
Fungi )0.0029 a
Control )0.0035 ab

Tabonuco Neither )0.0014 a
Bacteria )0.0063 bc
Fungi )0.0037 ab
Control )0.0073 c
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treatments being significantly softer than ‘‘bacteria’’ and
‘‘neither’’ treatments for both cecropia and tabonuco
based on SNK multiple comparisons. All were grouped as
significantly softer than initial leaves.

Shrimp Feeding Trials. Temperature in feeding
aquaria ranged between 25 and 28�C. X. elongata did not
eat any leaf material in 93 of a possible 352 feeding trials,
but there was no trend over time in the percent of shrimp
feeding. Percent feeding on a given date ranged between
72% for day 2 tests and 88% for day 28 tests. The
exception to this day 14, when shrimp ate in 55% of the
trials. Because there was no time trend in the percent of

shrimp eating, data on the percent of shrimp feeding
were pooled over sampling dates. X. elongata in tests 1–4
(leaf preference test) and tests 11–16 (tabonuco tests) fed
in significantly more trials compared to shrimp in tests
5–10 (cecropia tests), while there was no difference be-
tween tabonuco and leaf preference tests (Fig. 3).

The tests of leaf type preference for each microbe
treatment indicate that X. elongata preferred tabonuco
over cecropia (Fig. 4a). The proportion of trials where

Figure 2. Leaf toughness after initial 2 and 84 days of incubation
as measured by number of washers needed to penetrate leaf surface
(± 1 s.e.). Significant differences based on the SNK multiple
comparison method (a = 0.05, df = 170, SE = 2.347) between
tabonuco and cecropia are marked with asterisks. Significant dif-
ferences between microbe treatments based on SNK groupings are
marked by different letters (n = 18). Figure 3. Percent of trials in which X. elongata fed based on

change in leaf surface area. ‘‘Leaf’’ represents the mean of tests 1–4
(possible trials = 88). ‘‘Cecropia’’ represents the mean of tests 5–10
(possible trials = 132), while ‘‘tabonuco’’ represents the mean of
tests 11–16 (possible trials = 132). Error bars represent 95% con-
fidence intervals.

Figure 4. Proportion of tests where
X. elongata preferred the hypothesized
treatment based on change in leaf
surface area. (a) Proportion of trials
where tabonuco was preferred over
cecropia for each microbe treatments.
(b) Proportion of trials where the first
listed microbe treatment was preferred
over the second treatment for each leaf
type (see Table 1). Preference is
indicated by a proportion significantly
greater than 0.5. Error bars represent
95% profile likelihood confidence
intervals.

M.S. WRIGHT, A.P. COVICH: MICROBIAL ROLE IN LEAF DECOMPOSITION AND INVERTEBRATE FEEDING PREFERENCE 541



tabonuco was preferred is not significantly different from
0.5 for the neither treatment, but is for the other three
microbe treatments. Tests 1–4 in Table 1 list the out-
comes for these tests. Results from microbe preference
trials indicate that preference was generally as predicted
(Fig. 4b and tests 5–16 in Table 1). When the ‘‘neither’’
treatment was one choice in the tabonuco trials, the other
three microbe treatments were significantly preferred,
although the lower confidence interval for the tabonuco
‘‘control’’ test extends to 0.488. Tabonuco leaves in the
‘‘control’’ treatment were marginally preferred over
bacteria leaves, but not for cecropia tests. The only sta-
tistically significant preference in the cecropia trials was
for the ‘‘control’’ versus �neither� test, in which 14 out of
15 X. elongata preferred the ‘‘control’’ leaf. None of the
other tests were statistically significant, but estimates
indicate there is some evidence for preference for the
predicted choice except in the ‘‘fungi’’ versus ‘‘bacteria’’
trials where estimates were close to 0.5.

Time Effect. The percent of X. elongata eating did
not change over time, but within those shrimp that ate,
feeding preference for the predicted preferred leaf de-
clined over time when data were pooled over all tests
(Fig. 5). The quantity of leaf material remaining at the
end of the trial significantly decreased across test dates
(Fig. 6). However, there was no significant treatment
effect or date and treatment interaction on the amount of
material remaining.

Particles. X. elongata sad A. lanipes differed in
particle production. A. lanipes had higher production

than X. elongata in the first feeding trial (0.38% and
0.20% average cover in original scale respectively, data
not shown), but the trend was opposite by the day 70 test
(0.54% and 0.65%). Particle production increased over
time for both X. elongata and A. lanipes. There was no
significant test effect as the SNK multiple comparison
method grouped all tests within a shrimp species
together.

Discussion

Microbial Leaf Decomposition. Percent mass remain-
ing in microcosms reveal that decomposition patterns
differed between tabonuco compared to cecropia
depending on which microbe groups were present. Tab-
onuco ‘‘control’’ and ‘‘bacteria’’ leaves and, to a lesser
extent, cecropia ‘‘control’’ lost mass over time. This trend
could be due to a decline in leaf mass, a decline in
microbial biomass over time, or most likely, a combi-
nation of both. Possible explanations for a decline in
microbial biomass include a reduction in the amount of
easily usable substrates, the accumulation of fungal and
bacterial inhibitory compounds, or nutrient limitation.
The presence of inhibitory compounds and nutrient
limitations are less likely to explain the observed differ-
ences between cecropia and tabonuco because the two
leaves were kept in the same microcosm containers. Also,
microcosms were refreshed weekly with new stream wa-
ter, thereby replenishing nutrients and diluting inhibitory
compounds. This suggests that the two leaf species differ
in carbon usability. Suberkropp et al. [45] noted changes
in leaf chemistry through time, as simple leaf compo-
nents were consumed earlier leaving recalcitrant materi-
als such as lignin, cellulose, and hemicellulose. They

Figure 5. Feeding preference results by date averaged over the 16
tests for X. elongata demonstrating declining preference over time.
Error bars represent 95% confidence intervals with n = 64 for all
dates except day 56, where n = 82.

Figure 6. Average leaf area remaining at the end of feeding trials
for X. elongata demonstrating an increase in the amount of leaf
material consumed. Error bars represent one standard error.
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further suggested that bacteria are limited in their ability
to degrade these recalcitrant components, but that some
fungi have enzymes capable of digesting these. Cecropia
contains more lignin, and this likely limited bacterial
growth. Tabonuco is high in tannin content, but many of
these compounds leached out within the first week as
indicated by the darkening of microcosm water color
(personal observation). This potentially reduced the
inhibitory effect for microbes associated with leaf mate-
rial.

In a similar study, Gulis and Suberkropp [19] found
comparable decay coefficient patterns for Acer rubrum
leaves with both bacteria and fungi (k = 0.0068 day)1)
and leaves with bacteria but reduced fungi (k = 0.0085
day)1). They suggest that fungi possibly limit bacterial
activity, perhaps because of competition for nutrients.
However, they do not refute the alternative that bacteria
are partially dependent on fungi for increasing coloni-
zation area and substrate availability. They propose that
bacteria are limited in what leaf components they can
utilize because bacteria are unable to access interior
sections of leaves, but that these sections become avail-
able after fungal hyphae penetrate leaf tissue. The seem-
ingly synergistic effect of fungi and bacteria, which led to
the fastest tabonuco decomposition rate when both
groups were present in this study, may in part be ex-
plained by this possible interaction between bacteria and
fungi. It should be noted that the use of leaf disks in-
creased microbial access to interior leaf sections com-
pared to whole leaves, which may therefore diminish
bacterial reliance on fungi for access to interior leaf
components. Contrastingly, Mille-Lindblom and Tranvik
[30] report an antagonistic relationship between bacteria
and fungi, as both bacterial and fungal biomass were
depressed when grown together. An antagonistic effect
may be seen in the difference between the ‘‘fungi’’
treatment and ‘‘control’’ patterns in this study. Leaves in
the ‘‘fungi’’ treatment had higher mass increases than
‘‘control’’ treatments, indicating that fungi can attain
higher biomass without the presence of bacteria. Thus,
fungi and bacteria may act antagonistically toward one
another, but act synergistically in decomposing leaf
material. This antagonistic–synergistic effect may be less
pronounced on cecropia in part because its lignin content
may have limited bacterial growth. ‘‘Bacteria’’ leaves had
faster decomposition rates than ‘‘fungi’’ treatments, and
this could be due to the higher fungal biomass on leaves
masking reductions in leaf mass.. Studies show that fungi
account for a larger percentage of microbial biomass than
bacteria [13, 19, 27], and by just quantifying the percent
mass remaining, this measure includes changes in
microbial biomass as well. To fully assess mechanisms for
these observed patterns, additional studies quantifying
enzyme activities, inhibitory compound concentrations,
bacterial and fungal biomass and activities, and changes

in leaf chemistry are necessary.
Leaf toughness results further support the idea that

bacteria and fungi process leaf material in fundamentally
different manners. Cecropia leaves have higher lignin
content than tabonuco, but tabonuco leaves have a thick,
waxy cuticle, and this may explain why cecropia leaves
were significantly softer after 84 days of incubation.
Fungi are likely responsible for softening leaf tissue
through hyphal penetration as evidenced by differences
between treatments where fungi were not minimized
(‘‘control’’ and ‘‘fungi’’) and those where they were
(‘‘bacteria’’ and ‘‘neither’’).

The ‘‘control’’ leaf decay values for both tabonuco
()0.0073 day)1) and cecropia ()0.0035 day)1) can be
classified as a medium and a slow rate, respectively,
according to a system developed by Peterson and Cum-
mins [34] that is based on the combined effect of phys-
ical, microbial, and invertebrate processing. Leaf decay
values from a companion decomposition study using the
same leaf disk sizes in the LEF stream, Quebrada Prieta,
were )0.016 day)1 (± 0.0027 SE) for cecropia and )0.027
day)1 (± 0.0028 SE) for tabonuco [49]. Leaves in this
study were kept in 1 mm mesh bags designed to prevent
macroinvertebrate access; thus the observed processing
can be mainly attributed to microbial and physical
decomposition. Bobeldyk and Ramirez (personal com-
munication) found a rate (k = )0.0034 day)1 ± 0.0003)
very similar to the cecropia ‘‘control’’ in this study when
using cecropia leaves in Quebrada Prieta in 90 lm mesh
bags meant to exclude all invertebrates. This small mesh
size probably also limited physical processing leaving
microbes as the main processing mechanism. By com-
paring decay coefficients from the microcosms in this
study and the stream study observed in Wright [49], we
estimate that microbes may account for �27% and 22%
of the macroinvertebrate-independent processing of
tabonuco and cecropia, respectively. We predict that this
percentage is higher in tropical streams because of war-
mer water temperatures and a year-round supply of leaf
substrates. Additional studies separating microbial from
invertebrate processing should thus be undertaken to
fully address differences between tropical and temperate
streams in regard to the role of microbes in leaf
decomposition.

Feeding Preference Trials. Results indicate that
X. elongata preferred tabonuco over cecropia leaves ex-
cept for the comparison within the ‘‘neither’’ treatment,
possibly because the lack of microbes left tabonuco and
cecropia essentially equal in terms of feeding preference.
Similarly, the less apparent preference in the ‘‘control’’
may be a result of microbial conditioning that rendered
differences between the two leaf types less critical. Fungi
and bacteria have differing enzyme capabilities for
breaking down compounds such as tannins, lignin, and
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cellulose, and their combined presence may have acted to
nullify the differences between the two leaf types more
than in treatments with only bacteria or only fungi. The
reduction in preference over time also supports the idea
that microbial conditioning reduces differences between
leaf types. The overall preference for tabonuco suggests
that lignin is a stronger negative influence than initial
secondary compound content in predicting invertebrate
feeding preference. Other studies have also concluded
that lignin is the dominant factor controlling decompo-
sition rates for both invertebrates and microbes [e.g., 14].
Preference for tabonuco does not support the hypothesis
that leaf toughness is also a factor determining feeding
preference, as cecropia was significantly softer than tab-
onuco for all microbe treatments.

The clear preference for leaves other than the ‘‘nei-
ther’’ treatment indicates the importance of having some
microbial conditioning. This conditioning effect is well
supported by other studies [e.g., 23, 24]. However, the
lack of significant preference in tests other than ‘‘neither’’
suggests that shrimp are less discerning at the level of
which microbes are responsible for the conditioning.
Alternatively, it could be that preference does exist, but
that not enough shrimp fed to establish a significant
preference. Figure 6 indicates that trends do exist for
some tests. However, the estimates for tests involving
‘‘fungi’’ versus �bacteria� treatments and ‘‘fungi’’ versus
‘‘control’’ treatments are at �0.5, suggesting that X.
elongata did not distinguish between the two choices.
Kostalos and Seymour [24] found that Gammarus minus
(Amphipoda) preferred leaves with fungal conditioning
over leaves with bacterial conditioning in a similar study
for a temperate system. Shredding invertebrates may vary
in their reliance on microbial conditioning depending on
factors such as gut morphology and the endosymbiotic
microflora colonizing their digestive systems. For exam-
ple, Rong et al. [39] revealed that Tipula caloptera
(Diptera) was less reliant on microbial conditioning be-
cause of its basic gut pH and active microbiota com-
munity, while Gammarus tigrinis (Amphipoda) was more
reliant on conditioning because of its gut physiology. We
hypothesize that X. elongata is less selective in making
food choices, in part because its omnivorous feeding
habits allow it to utilize numerous substrates and because
their morphology does not require organic matter to be
softened before they are able to tear it. Alternatively, X.
elongata may be more selective because of its pronounced
mobility and, therefore, ability to sample multiple food
resources. That X. elongata does not require leaf material
to be conditioned by microbes is supported by the
observation that the number of shrimp feeding did not
vary over time. Shrimp fed even after only 2 days of leaf
conditioning. However, the fact that more leaf material
was consumed during later trials suggests that more
microbial conditioning results in more consumption.

The only significant effect in the analysis of particle
production was time, as more microbial conditioning led
to more particle production. This increased particle
production is not surprising because of the related in-
crease in the amount of leaf material consumed. Particles
consisted of both fecal material and leaf fragments in the
case of X. elongata, with the majority being fecal particles
(personal observation). Fecal production is a function of
many factors beyond the amount of material ingested,
including the nutritional content of the material and the
individual’s metabolism. These sources of variability are
likely to explain why no tests were significantly different.
A. lanipes produced more particles than X. elongata,
indicating that A. lanipes were feeding during the trials.
However, the methods used in this study were not able to
separate differences between microbe and leaf treatments
and thus, any preference by A. lanipes could not be
determined.

Although X. elongata did not feed in �25% of the
trials, differences among tests in the percent of shrimp
feeding indicate that shrimp did not feed solely because
they were stressed by laboratory conditions. Cecropia
tests had a significantly lower percentage of trials where
shrimp fed, suggesting that it is of lower quality. Direct
preference tests between cecropia and tabonuco affirm
this.

Possible Methodological Issues. Because methods
employed in this study for manipulating microbe
assemblages relied on the use of antibiotics, one of its
potential limitations is complications related to treat-
ment efficacy. This includes incomplete eradication of
fungi or bacteria due to resistant microbes. The goal of
the treatments in this study was thus to minimize the
presence of bacteria or fungi. Several lines of evidence
suggest these treatments were effective in doing so,
including culture plates revealing abundant fungal
growth in fungi-containing treatments and the minimi-
zation of such growth in ‘‘bacteria’’ and ‘‘neither’’
treatments. Also, qualitative evidence includes abundant
biofilm growth on leaves in bacteria-containing micro-
cosms that was absent in ‘‘fungi’’ and ‘‘neither’’ treat-
ments over the course of the study. Additional interesting
evidence supporting treatment efficacy is that the water
in microcosms containing bacteria was noticeably lighter
in color compared to ‘‘fungi’’ and ‘‘neither’’ microcosms
by the end of the study. We believe this to be due to the
breakdown of the leached tannins by bacteria over the
course of the study that initially had rendered the water
in all microcosms the same dark tea color. Another po-
tential concern is the effect of antibiotic treatments on
shrimp feeding, but this is not likely a major issue be-
cause of high percentages of shrimp feeding throughout
the different trials and because shrimp feeding trials were
conducted in separate containers from that of the leaf
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incubations. Additionally, the volume of water in shrimp
feeding containers was large relative to the leaf disks, and
this likely would dilute any antibiotic residues. These
lines of evidence all suggest that treatments were effective
at manipulating the microbe assemblages in the designed
manner.

Summary. X. elongata is selective at the level of
leaf type, and secondarily, prefers leaves with some
microbial conditioning. Whether fungi or bacteria are
responsible for the conditioning is apparently of less
importance to these species of detritivores. Leaf decom-
position results imply that fungi and bacteria may have
different functions in the leaf decomposition process
through such possible mechanisms as exoenzyme pro-
duction and differing metabolic capabilities, and thus
that both are critical for maximum leaf processing rates.
Differences between leaf types have implications for en-
ergy flow and nutrient cycling in these food webs. For
example, stream reaches receiving primarily tabonuco
leaf inputs may process leaf material faster compared to
reaches receiving mostly cecropia inputs. Information
concerning the effects of different leaf types on microbial
diversity and the diversity of enzymes produced is likely
to provide an increased understanding of the effects of
leaf chemistry and subsequent differences in patterns of
microbial processing of leaf litter.
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