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Leaf breakdown in a natural open tropical stream
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ABSTRACT

Leaf breakdown is a primary process of nutrient cycling and energy flow, contributing to the functioning of aquatic ecosystems. In
the present study, leaves of Baccharis platypoda and Coccoloba cereifera were incubated in a high-altitude stream in a rupestrian field.
Tiwo hypotheses were tested. i) intrinsic factors (quality of detritus) are more important than extrinsic factors (decomposer communities)
in decomposition, and ii) low detritus quality hinders microbial colonization, thereby altering the composition and structure of the as-
sociated invertebrate community and slowing leaf breakdown. The breakdown coefficients of B. platypoda and C. cereifera leaves were
low (k=-0.0019 day™" and k=-0.0008 day™, respectively) and the proportions of structural compounds were high, delaying the remobi-
lization of energy and nutrients into the aquatic ecosystem. Fungal biomass was higher at the end of the experiment, suggesting favorable
conditions for colonization. The densities of invertebrates associated with the detritus increased coincident with the peak concentration
of ergosterol, with the trophic groups collector-gatherer and scraper having the highest densities. The distribution of these groups was
likely related to the growth of biofilm on the surface of the litters. As described for tropical streams, shredders had the lowest densities
of any invertebrate group, suggesting a reduced participation of these invertebrates in leaf processing. The results suggest that slow
decomposing species are important to both invertebrates and microorganisms as substrates and sources of particulate organic matter.
The low palatability and nutritional quality of the detritus in the present study, associated with low dissolved nutrient concentrations
in water, delayed the leaf conditioning process by microorganisms. Decomposition rates and invertebrate participation were reduced
as a result, leading to major physical decomposition. Headwater tropical streams have chemically diverse detrital resources, and the

intrinsic factors of litter may play key roles in the decomposition process.
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INTRODUCTION

Allochthonous organic matter is one of the main food
resources in headwater streams (1%-3 order), and its avail-
ability is directly related to the presence of well-developed
riparian vegetation (Vannote et al., 1980). The leaf break-
down rate may be influenced by i) extrinsic aquatic envi-
ronmental characteristics, such as temperature, flow, water
chemistry and the presence of decomposing organisms
(Chara et al., 2007); and ii) intrinsic factors of the litter that
determine decomposition rates, including nutrient content
(Flindt and Lillebg, 2005) and concentrations of chemical
defense compounds (e.g., polyphenols and tannins) (Graga
and Bérlocher, 2005) and structural compounds, such as
lignin and cellulose (Ardén ef al., 2006).

Leaf litter decay and the chemical transformation of
the soluble compounds of litter in streams result from
leaching, physical abrasion, microbial and invertebrate
colonization and fragmentation (Gessner et al., 1999; Das
et al., 2008). At least three biological communities (fun-
gal, bacterial and invertebrate) are involved in the biolog-
ical transformation of this organic matter (Hieber and
Gessner, 2002). Fungi play a primary role in this process
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due to their ability to metabolize molecules that do not
readily degrade (e.g., cellulose and lignin) (Gessner e? al.,
1999). These microorganisms also increase the nutritional
quality of decomposing litter and enhance its palatability
to invertebrate consumers (Canhoto and Graga, 1999).

Within the macrodecomposer community, invertebrate
shredders are more commonly found in low-order streams
with dense canopies (Vannote et al., 1980; Wallace and Eg-
gert, 2009). As they directly consume leaf tissue, they play
an important role in the conversion of coarse particulate or-
ganic matter into fine and dissolved particulate organic mat-
ter (Cummins et al., 1989; Encalada et al., 2010). However,
in tropical streams, shredders have low abundance and rich-
ness (Gongalves et al., 2006a; Moretti et al., 2007).

In tropical high-altitude savanna systems, the adverse
environmental conditions (low temperatures and humidity)
favor plant species with thick cuticles and high concentra-
tions of structural and inhibitory compounds in their leaves
(Wantzen et al., 2005). These environmental conditions
might also decrease the metabolism and consequently the
activity of decomposer communities. We hypothesized that:
1) intrinsic factors (specifically, the quality of detritus) are

OPEN aACCESS



Leaf breakdown in tropical stream 249

more important than extrinsic factors (specifically, decom-
poser communities) in leaf breakdown; and that ii) low de-
tritus quality hinders microbial colonization, thereby altering
the composition and structure of the associated invertebrate
community and decreasing the rate of leaf breakdown. In
contrast, detritus is an appropriate substrate for biofilm, par-
ticularly in streams in open canopy forest with high light in-
cidence, encouraging primary production. Initially, detritus
might serve as a substrate, but slow colonization by fungi
over time will lead to the decomposition of hard detritus
compounds, inputting energy and nutrients into the system.
This integration of ecosystem processes (decomposition and
primary production) could be responsible for the high pro-
ductivity in Cerrado streams, where decomposers and
biofilm merge in a unique food web. Therefore, the objec-
tive of this study was to investigate the influences of stream
chemical composition, invertebrate communities and mi-
croorganisms on the litter decomposition of Baccharis
platypoda DC. (Asteraceae) and Coccoloba cereifera
Schwacke (Polygonaceae) in a high-altitude tropical stream
in Brazil, where those species are widely distributed.

METHODS
Study site

This study was conducted in a 2nd-order stream
(Geraldinho Stream) in Serra do Cipd, Minas Gerais,
Brazil, within the Sao Francisco Basin (19°16°55.51”’S,
43°35°34.46”W; altitude 1135 m). The riparian zone is
composed of bushes and grasses in rupestrian fields and
does not form a true canopy over the water body. The ex-
periment was carried out in the dry season between May
and September 2009. The mean annual temperature in the
region varies between 17.0 and 18.5°C, and the mean an-
nual precipitation varies between 1450 and 1800 mm
(Gongalves ef al., 2006a).

Experimental procedure

Senescent leaves of Baccharis platypoda and Coc-
coloba cereifera were collected of various individuals
around the stream studied with nets in order to avoid con-
tact with the soil. These species are widely distributed in
the study area, and C. cereifera is endemic to the rupes-
trian fields of Serra do Cip6. Leaves of each species were
separately and placed in litter bags (10 mm mesh), with
1.5+0.1 g of air-dry weight of B. platypoda and 3.5+0.5 g
of C. cereifera per bag. Sixty-four litter bags were incu-
bated horizontally in the stream bed, tied to steel rods and
stones, similar to natural conditions.

During each sampling period, we measured current
speed with a fluxometer (model SWOFFER 2100 series),
water temperature (Oximeter YSI 55), dissolved oxygen
(Oximeter YSI 55), pH (Digimed MD 20), and electrical
conductivity (Minipa MCD-2000) with field meters. One

liter of water was collected during each period for total
alkalinity analysis and nutrient measurements. Total alka-
linity was measured using the Gran method (Carmouze,
1994), nitrate and orthophosphate concentrations were
measured as outlined in Standard Methods for the Exam-
ination of Water and Wastewater, soluble reactive phos-
phorus was measured using the ascorbic acid method and
nitrate concentration was measured using the cadmium
column reduction method (APHA, 2005).

Decomposition rates were measured as the reduction
in leaf litter weight over the 120 days of incubation (with
partial retrieval of leaves on days 3, 7, 15, 21, 30, 60, 90,
and 120). On each sampling date, four litter bags of each
species were removed, placed in individual plastic bags
and transported to the laboratory inside containers with
ice. In addition to the 64 litter bags, we prepared four
replicates of each species, corresponding to day zero. The
litter from day zero was used to evaluate mass reductions
arising from the preparation, handling and transportation
of samples in the field, thus allowing corrections for
losses not attributed to decomposition. These samples
were also used to determine the initial characterization of
the litter with respect to the concentrations of secondary
and structural compounds. To estimate the percentage of
water in the leaves, a linear regression of air-dry weight
and oven-dry weight (60°C, 72 h) was performed.

In the laboratory, the leaves were gently washed in dis-
tilled water over a 120-um sieve to remove sediment and
retain the invertebrates. After washing, five leaves were se-
lected from each litter bag, and four discs were cut from
each leaf using a cork borer (diameter 12 mm), yielding
four sets of five discs from each bag. These sets were used
to measure the ash-free dry mass (AFDM), the concentra-
tion of the total microbial biomass (ATP), the concentration
of fungal biomass (ergosterol) and the fungal sporulation
rate. The remainder of the material was oven-dried at 60°C
for 72 h, and its dry weight was measured before being
ground down for analyses of chemical composition.

Leaf characteristics

The concentration of total polyphenols was measured
following Bérlocher and Graga (2005). The content of con-
densed tannins was estimated according to Graca and Bér-
locher (2005). Gravimetric analysis, which measures the
quantity of a compound within a sample, was used to meas-
ure the cellulose and lignin contents (Gessner, 2005a).

Microorganisms

The total biomass of microorganisms was measured by
quantifying the ATP in the litter as proposed by Abelho
(2005). The biomass of the aquatic fungi in the decompos-
ing leaves was analyzed by quantifying the ergosterol con-
tent, exclusive lipid in the fungal membrane (Gessner,
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2005b). The reproductive rate of the aquatic hyphomycetes
was calculated from spore counts. One set of five discs was
incubated for 48 h at 19°C in an Erlenmeyer flask contain-
ing 30 mL of filtered stream water for sporulation induction
using an orbital shaker. The conidial suspension was trans-
ferred to a flask and fixed with 2 mL of 37% formaldehyde
for subsequent spore counts and identification. To prepare
the slides, triton X - 100 (30 uL of 15%) was added to avoid
conidial adherence to the flasks. An aliquot of the suspen-
sion was then filtered, and the filter was stained with 0.05%
cotton blue in lactic acid (60%) (Bérlocher, 2005).

Invertebrate assemblages

The material retained by the 120-um sieve was pre-
served in ethanol 70%. The invertebrates were then sorted
and identified to the family level using the following iden-
tification keys: Merrit and Cummins (1996) and Mugnai
et al. (2009). The organisms found were classified into the
following functional feeding categories: collectors-gath-
erers, collectors-filterers, scrapers, predators and shredders
(Cummins et al., 2005). The richness, density and compo-
sition of the invertebrate community were also determined.

Data analysis

The coefficients of decomposition were calculated by
adjusting the mass loss percentage data according to the
negative exponential model Wt=W, e, where Wt is the
weight remaining at time t (in days), W, is the initial mass,
and £ is the coefficient of decomposition (Olson, 1973).

To analyze the variation in mass loss in the microbial
community and the variation in the chemical characteristics
of the litter between the two species studied over the incu-
bation time, generalized linear models (GLM) were con-
structed and adjusted to a normal error distribution (function
glm, package stats for R). The models were subjected to
residual analysis to verify model compliance with the cho-
sen error distribution (package RRJ for R). GLMs were used
to analyze the influences of sampling period, litter type and
their interaction on the richness and density of aquatic in-
vertebrates. A PerMANOVA was used to analyze the effects
of litter type, incubation time and their interaction on the
functional trophic groups of the invertebrate community.
For the latter analysis, we used the Bray-Curtis distance with
10000 permutations and a pseudo-F statistic (function Ado-
nis, package vegan for R). The analyses were carried out
using R v2.6.2 software (R Development Core Team, 2008).

RESULTS

Physical and chemical characteristics of the stream

The following water parameter measurements were ob-
tained: average temperature, 21.0+0.5°C; electrical conduc-
tivity, 59.6+16.9 uS cm™'; pH, 7.0+0.3; dissolved oxygen

content, 8.1+0.2 mg L; alkalinity, 12.5+3.9 mEq L™'; water
velocity, 0.060.009 m s; and flow rate, 0.003+0.001 m?
s™!. The concentrations of ortophosphate and nitrate were
below the detection limits of the methodology used (nitrate:
<0.10 mg L' N; orthophosphate: <0.015 mg L' P).

Leaf breakdown

During the first seven days of incubation, rapid weight
loss was observed for B. platypoda leaves, with a slower
rate of loss for C. cereifera (Fig. 1). These rates were sig-
nificantly different between the two species and among
incubation times; however, there was no significant effect
of the species-by-time interaction (Tab. 1). After 120 days,
B. platypoda had 77.2% of its original weight remaining,
and C. cereifera had 88.1%.

The coefficient of decomposition was higher for B.
platypoda (k=-0.0019 day™") than for C. cereifera (k=-
0.0008 day ). To reach 50% decomposition of mass, 495
days would be necessary for B. platypoda litter and 866
days for C. cereifera litter.

Chemical characteristics of detritus

The concentrations of total polyphenols and condensed
tannins did not differ significantly between the two species
or among incubation times, nor was there a significant
species-by-time interaction (Tab. 1). The initial contents
of secondary compounds, i.e., total polyphenols and con-
densed tannins, were 22.54+5.7% and 1.7+0.4%, respec-
tively, for B. platypoda and 28.14+6.7% and 2.9+0.01%,
respectively, for C. cereifera. After fifteen days of incuba-
tion, the total polyphenols loss was estimated as 23% for
B. platypoda and 45% for C. cereifera. In contrast, the loss
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Fig. 1. Mass loss (mean % and standard error) of Baccharis

platypoda and Coccoloba cereifera leaves due to breakdown in
Geraldinho stream.
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of condensed tannins at this time was 15% for B. platypoda
and 47% for C. cereifera (Fig. 2 A,B).

There were significant differences between the two
species in the concentrations of structural compounds
(Tab. 1). Baccharis platypoda presented lower initial con-
centrations of cellulose (29.1£0.3%) and lignin
(22.5£2.7%) than C. cereifera (44.3+3.8% and 42.7+0.5%,
respectively; Fig. 2 C,D). After 120 days, the percentages
of cellulose and of lignin in B. platypoda were higher than

their initial values. In contrast, the percent of cellulose de-
creased and the percent of lignin increased in C. cereifera
over time (Fig. 2 C,D). No significant interaction of
species and time was observed (Tab. 1).

Total microbial biomass

The concentration of ATP in the litter differed signif-
icantly between species and among incubation times, and

Tab. 1. Generalized linear models to evaluate whether the mass loss, the microbial and invertebrate community and the chemical char-
acteristics of detritus varied between the species studied, as a function of incubation time.

Null model 66 4054

Mass loss Deﬁitus 1 2010 65 2043 153.4 <0.001
Time 8 1199 57 843 114 <0.001
Detritus x Time 8 201 49 642 1.9 0.077
Null model 58 4121

T D'etritus 1 0.1 57 4121 0.001 0.971
Time 8 984 49 3136 1.8 0.100
Detritus x Time 8 365 41 2771 0.6 0.709
Null model 57 102.9

Condensed tannins D.etritus 1 6.1 56 96.9 39 0.055
Time 8 23.1 48 73.8 1.9 0.091
Detritus x Time 8 12.2 40 61.6 0.9 0.457
Null model 46 1688

Cellulose Detritus 1 781 45 906 31.1 <0.001
Time 8 45 37 861 0.2 0.983
Detritus x Time 8 132 29 729 0.6 0.723
Null model 46 9524

Lignin D.etritus 1 8263 45 1,260 411.9 <0.001
Time 8 500 37 759 3.1 0.011
Detritus x Time 8 177 29 581 1.1 0.386
Null model 57 4560

ATP Detritus 1 182 56 4377 49 0.031
Time 7 1429 49 2948 5.5 <0.001
Detritus x Time 7 1401 42 1546 5.4 <0.001
Null model 54 1,067,682

Ergosterol De&itus 1 8514 53 1,059,167 0.8 0.380
Time 8 299,628 45 759,539 34 0.004
Detritus x Time 7 347,954 38 411,585 4.6 <0.001
Null model 57 127.9

Sl D'etritus 1 21.8 56 106.1 11.5 <0.001
Time 7 15.1 49 90.9 1.1 0.356
Detritus x Time 7 11.5 42 79.4 0.8 0.536
Null model 59 15,988

Density invertebrate Detritus 1 3017.2 58 12,970.7 32.2 <0.001
Time 7 6249.8 51 6721.0 9.5 <0.001
Detritus x Time 7 2594.0 44 4127.0 3.9 0.001
Null model 59 48.7

Richness invertebrate Detritus 1 0.001 58 48.7 0.976
Time 7 6.8 51 41.9 0.452
Detritus x Time 7 54 44 36.4 0.604

DF;, degrees of freedom; ATP, total microbial biomass.
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there was a significant interaction of species and time
(Tab. 1). In B. platypoda, the ATP content was higher dur-
ing the final stage of decomposition (1235.5+337.4
nmoles g ). In C. cereifera, the highest value was ob-
served during the initial stage of the process, reaching
3315.4 £ 1080.1 nmoles g! (Fig. 3A).

Fungal colonization

Initial ergosterol concentrations were 278.1 pug g!
AFDM for B. platypoda litter and 91.2 ug g AFDM for
C. cereifera litter. The concentration of ergosterol did not
differ between the species in relation to time, but there
was significant difference between the incubation times
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(Tab. 1). After the incubation, we observed a reduction in
the concentration of ergosterol for B. platypoda detritus.
The biomass of fungal associated to the decomposing
leaves remained stable, reaching the highest values at
120" day of incubation for both detritus (B. platy-
poda=270.1+£31.4 ug g AFDM and C. cereifera=183.0
+38.9 ug g'! AFDM,; Fig. 3B).

The peak of sporulation of the aquatic hyphomycetes
occurred on day 30 in B. platypoda (3.4 spores mg
AFDM™), while sporulation rates did not vary over time
in C. cereifera (Fig. 3C). Spore numbers differed signifi-
cantly between the two litter types but not among incuba-
tion times (Tab. 1).
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Fig. 2. Changes in the concentrations of secondary and structural compounds (mean % and standard error) in decomposing leaves of Bac-
charis platypoda and Coccoloba cereifera in Geraldinho Stream. A) Total polyphenols; B) condensed tannins; C) cellulose; D) lignin.
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Invertebrate associated to detritus

The densities of invertebrates associated with the litter
were low during the first days of incubation (Fig. 4A).
Baccharis platypoda presented higher density values from
the 60" day of incubation onward, reaching 42.8 ind g
AFDM after 120 days. In contrast, C. cereifera presented
higher values from the 90" day onward, reaching 19.5 ind
g AFDM at the end of the 120" day. The total density
values different significantly between litter types and
among incubation times, and there was a significant
species-by-time interaction (Tab. 1).

The taxonomic richness of invertebrates increased
over the first days of incubation; however, no significant
differences were observed between litter types or among
incubation times, nor was there a significant species-by-
time interaction (Fig. 4B; Tab. 1). The structure of the in-
vertebrate community was similar between the two
species, composed predominantly of members of the Chi-
ronomidae (Diptera), Baetidae (Ephemeroptera) and Hy-
droscaphidae (Coleoptera). These three taxa represented
more than 90% of the total number of organisms found in
B. platypoda and C. cereifera litter, with Chironomidae
larvae comprising 70.9% and 62.1%, respectively (Sup-
plementary Tabs. 1 and 2).

The functional feeding groups of the invertebrate com-
munity differed significantly between species and among
incubation times; their interaction was also significant
(Tab. 2). The density of trophic group collectors-gatherers
was significantly different between litters and among in-
cubation times (Tab. 2), showing the highest values be-
tween the 15" and 30" days of incubation in B. platypoda
(65-86%) and between the 7" and 30" days in C. cereifera
(72-95%) (Fig. 5). The density of scrapers also differed
significantly between litters and among incubation times
(Tab. 2), showing higher densities during the initial and
final stages in B. platypoda and from the 60" day onward
in C. cereifera (52-74%) (Fig. 5). Shredders had the lowest
densities of any group in both B. platypoda and C.
cereifera (0.5% and 1.7%, respectively), with no signifi-
cant differences between litters or among incubation times
(Tab. 2). Predators also presented no significant differences
(Tab. 2), with the highest densities observed in B. platy-
poda (Fig. 5A). The density of collectors-filterers only dif-
fered significantly among incubation times (Tab. 2).

DISCUSSION
Decomposition rates and chemical quality of detritus

The coefficients of decomposition for Baccharis
platypoda and Coccoloba cereifera are low (k <-0.0041
day!), according classification of Gongalves et al. (2013)
measures in tropical systems. These coefficients showed
lower values compared to temperate (Abelho, 2001) and
other tropical streams (Dobson ef al., 2003; Gongalves et
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Fig. 3. Contributions of microorganisms in the detritus of Bac-
charis platypoda and Coccoloba cereifera during the leaf break-
down in Geraldinho Stream. A) Concentration of ergosterol
(mean and standard error); B) total number of spores of aquatic
hyphomycetes (mean and standard error); C) concentration of
ATP (mean and standard error).
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al., 2006a; Moretti et al., 2007). Leaching occurs through-
out the decomposition process (Gessner et al., 1999);
however, in the present study, the reductions in total
polyphenols and condensed tannins occurred slowly, par-
ticularly during the first month of incubation, due to the
hardness of the leaves, which protects against water loss
(Edwards et al., 2000). However, these results are incon-
sistent with several studies in tropical streams (Albarifio
and Balseiro, 2002; Schlickeisen et al., 2003; Ardon and
Pringle, 2008), although they agree with the studies of
Gongalves ef al. (2012a, 2012b) on native detritus in
Brazilian savanna streams.

The slow leaching and decomposition rates observed
in the present study may also reflect the high concentra-
tions of lignin and cellulose in the species studied (Gess-
ner et al., 1999). According to Hoorens ef al. (2003), the
initial chemical composition of the litter strongly influ-
ences decomposition, with high concentrations of struc-
tural and secondary compounds limiting this process
(Ostrofsky, 1997). In addition, according to a review by
Gimenes et al. (2010), tropical species have low palata-
bility and nutritional quality and larger quantities of sec-
ondary metabolites and recalcitrant compounds than
non-tropical species due to the higher herbivory pressures
suffered during their evolution (Graga and Cressa, 2010).
The high lignin content of B. platypoda, C. cereifera and
other Brazilian Cerrado (=savanna) and high-altitude
plants might be a consequence of the nutrient-poor and
water-deficient soils of this biome (Ribeiro ef al., 1999).

This scenario could explain the slow breakdown rates ob-
served in the present study and in other tropical Cerrado
streams (Gongalves et al., 2006b; Gongalves et al., 2007,
Moretti et al., 2007; Ligeiro et al., 2010). Moreover,
lignin is processed more slowly than other compounds,
and its percentage increased in both species throughout
the study, indicating either the accumulation of this re-
fractory material or the preferential utilization of other,
less refractile compounds. Suberkropp et al. (1976) found
an increase in the percentage of lignin throughout their
experiment and ascribed it to the formation of protein and
phenolic compound complexes, which are very resistant
and stable. These complexes behaved similarly to lignin
in their analyses, giving the impression of lignin synthesis
during processing.

The concentrations of structural and secondary com-
pounds in the litter of the two species studied here are
higher than those reported for other species (Ardon et al.,
2006; Gongalves et al., 2006a; Ferreira et al., 2012;
Bruder et al., 2014). Silva et al. (2013) studied the cellu-
lose, lignin and isotopic composition of 15 dominant
species in the bogs in Serra do Espinhago, southern Brazil,
which are comprised primarily of moist grassland and
semideciduous forest. They found that lignin content
ranged from 4.3 to 19.4% and that cellulose content
ranged from 3.6 to 19.5%. Among 15 species of the ripar-
ian zone of Cerrado, wide variation in the initial concen-
trations of lignin (17.6 to 63.3%), cellulose (15.8 to
34.6%) and total polyphenols (7.7 to 36.3%) has been ob-
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Fig. 4. Contributions of invertebrates associated with litters of Baccharis platypoda and Coccoloba cereifera during leaf breakdown in
Geraldinho Stream. A)Total density (mean and standard error); B) taxonomic richness (mean and standard error).
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Tab. 2. Degrees of freedom, residuals deviance, degrees of freedom residuals, F-test statistic and P-value results of PerMANOVA (A)
evaluating the main effects of litter type, incubation time and their interaction, considering five trophic functional groups of the invertebrate
community (Collector-Gatherer, Collector-Filterer, Grazer-Scrapper, Predator and Shredder) and the Generalized Linear Models (GLM;
B) evaluating whether the densities of the functional trophic groups were affected by species, incubation times or their interaction.

Detritus 1 6.7 <0.001

A - PerMANOVA FFG Time 7 4.9 <0.001
Detritus x time 7 1.6 0.03
Null model 52 766.7
Detritus 1 64.4 51 702.3 13.7 <0.001

B - GLM Collcctor-GathereiNg, 7 472.1 44 2302 14.3 <0.001
Detritus x time 7 56 37 174.2 1.7 0.139
Null model 52 55.9

Collector-Filterer Detritus 1 0.05 51 55.8 0.07 0.789
Time 7 19.4 44 36.5 3.8 0.003
Detritus x time 7 0.7 37 26.7 1.9 0.092
Null model 52 740.2

Scrapper Detritus 1 35.2 51 705.07 7.4 0.009

PP Time 7 446.8 44 258.3 13.4 <0.001

Detritus x time 7 82.03 37 176.2 2.4 0.035
Null model 52 74.3

Predator Detritus 1 5.02 51 69.2 3.6 0.063
Time 7 15.3 44 539 1.6 0.166
Detritus x time 7 3.4 37 50.5 0.4 0.919
Null model 52 0.6

Shredder Detritus 1 0.006 51 0.57 0.5 0.471
Time 7 0.08 44 0.49 1.04 0.416
Detritus x time 7 0.04 37 0.44 0.6 0.777

DF, degrees of freedom.
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served (P.P. Gomes, Universidade de Brasilia, personal
communication). Moreover, the leaves of C. cereifera ex-
hibit a thick silver waxy layer on the lamina, which is an
efficient barrier to water-soluble cell compounds and im-
pedes the entrance of hydrophilic substances.

Therefore, our results indicate that despite the higher
loss in mass in B. platypoda than in C. cereifera (main ef-
fect), the similar structural and secondary compounds in
the two detritus types are responsible for the similar low
coefficients of decomposition over time (species-by-time
interaction). The B. platypoda detritus had lower lignin
concentrations, explaining its higher decomposition rate
compare to that of C. cereifera, which was low. This result
indicates that intrinsic factors most strongly influence de-
composition rates, supporting our first hypothesis. Thus,
species with higher concentrations of structural com-
pounds delay the remobilization of energy and nutrients
into the aquatic ecosystem. However, this delay could po-
tentially improve the efficiency of the ecosystem, consid-
ering the additional primary production of biofilm in open
headwater streams. We need specific experiments to show
detail of this in functioning of the ecosystem.

Microorganisms community

ATP content can reflect not only the fungal biomass
but also the entire set of microbes colonizing leaves. It in-
creased with no corresponding increase in ergosterol, in-
dicates that microorganisms other than fungi are
accumulating biomass in the decomposing leaves
(Gongalves et al., 2006b; Gongalves et al., 2007). During
our experiment, peaks in ATP content were observed on
days 60 and 120, while the concentration of ergosterol re-
mained stable. This result is consistent with our hypothe-
sis that fungal biomass can integrate with biofilm,
improving overall productivity during the final stage of
the decomposition in hard leaves. Moreover, the observed
ATP levels might be due the colonization of algae (i.e.,
the formation of biofilm) during the initial stage, hiding
leaf breakdown by increase of the primary production. In
contrast, the fungal community is more important in the
degradation of more complex compounds, particularly
during the more advanced stages (Gongalves et al.,
2006a). However, slow leaching associated with low
water nutrient concentrations and low palatability and nu-
tritional quality of the detritus could negatively influence
fungal colonization and consequently retard the decom-
position process (Gessner and Chauvet, 1994; Quinn et
al., 2000), consistent with our second hypothesis.

Plants produce a large and diverse array of organic
compounds. Secondary metabolites are produced and se-
creted by cells following biochemical processes that in-
volve the primary chemical compounds of the plant, and
these compounds have different ecological functions, such
as allelopathy or defense against herbivory (Swain, 1977).

Secondary metabolites have a much more restricted dis-
tribution than primary metabolites within the plant king-
dom, and high concentrations might increase plant
resistance to herbivory and insect pathogens (Mazid et al.,
2011). Furthermore, in aquatic environments, secondary
metabolites can accelerate or retard the decomposition
process. In a laboratory study, Canhoto and Graga (1999)
showed that secondary compounds decreased fungal bio-
mass on leaves. In contrast, Ardon and Pringle (2008) sug-
gested that secondary compounds in leaves might not
persist long enough to limit microbial or insect damage
because of the rapid leaching of total phenolics, con-
densed tannins and hydrolyzable tannins. Indeed, their re-
sults indicate that structural compounds are important in
determining fungal and bacterial biomasses during leaf
breakdown, supporting our results.

We observed the largest fungal biomass in both
species after 90 days of incubation, suggesting that the lit-
ter presented favourable conditions for fungal coloniza-
tion after this period and supporting the idea that a long
period of leaching can influence the fungal community
(Suberkropp et al., 1976). This result suggests that leaf
breakdown in this stream is delayed, as leaching persisted
until the end of the experiment and conditioning appeared
to begin after 90 days. This increase in fungal biomass
during the late decomposition stage is typical of refractory
leaf species, in which colonization is slow (Gongalves et
al.,2006b; Encalada et al., 2010). The present study pro-
vides the first record of a long leaching period in a tropical
stream: we observed almost no decomposition of high
structural and secondary compounds over the first 60
days, indicating the level of detritus quality. Moreover,
the first stages of decomposition proceeded slowly, yield-
ing substrate for the accumulation of biofilm. This pattern
might prepare the detritus for fungal activity during the
final stage of leaf breakdown, facilitating the absorption
of nutrients and energy accumulation in the biofilm, at
which point the rate of decomposition might accelerate.

The circumneutral stream water and high dissolved
oxygen content may enhance fungal sporulation
(Medeiros et al., 2009). However, low water flow and the
associated low nutrient availability in the water and leaf
substrate (Ferreira ef al., 2006) proved to be most preva-
lent factors that can negatively affect the sporulation rates
of aquatic hyphomycetes (Suberkropp, 1998). These fea-
tures may explain the lower sporulation rate in the present
study relative to other studies (Hieber and Gessner, 2002;
Ferreira et al., 2006). Thus, low nutrient concentrations
of the stream associated with the presence of endemic
leaves that are nutrient-poor and abundant in riparian veg-
etation lead to low breakdown rates in aquatic systems.
In this study, high concentrations of secondary com-
pounds of detritus affected the community of aquatic hy-
phomycetes; however, at the end of the experiment, when
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approximately 80% of the original mass remained, spore
numbers were beginning to increase, indicating an in-
crease in the reproductive activity of this group.

Invertebrate colonization

The low dissolved nutrient content in water and the
delay in the leaf conditioning process may also have been
responsible for the low densities and richness of inverte-
brates observed in the present study. These results demon-
strate the importance of environmental conditions and
microorganisms in the nutritional quality of the leaf litter,
increasing its palatability to invertebrate shredders
(Gongalves et al., 2007; Moretti et al., 2007; Moulton et
al., 2010), in support of our second hypothesis. Baccharis
platypoda had higher invertebrate density and richness
values and often higher ergosterol concentrations than C.
cereifera. Higher densities of invertebrates were recorded
at later sampling dates, coinciding with the peak concen-
tration of ergosterol. In a tropical stream, Ligeiro ef al.
(2010) also found higher values of invertebrate richness,
biomass and density at the last sampling dates and sug-
gested that the litter that was still in the intermediate
stages of decomposition presented larger quantities of re-
sources for the associated invertebrates. As shredders pre-
fer conditioned leaves, tougher leaves, such as those of C.
cereifera, might break down more slowly due to reduced
microbial activity and shredder feeding. Therefore, the at-
tractiveness of a certain type of detritus to invertebrates
depends on the chemical composition, stage of microbial
colonization and exposure time of the detritus.

Chironomidae and Baetidae were the predominant
groups of invertebrates present during the entire decom-
position process, as observed in studies of tropical streams
(Mathuriau and Chauvet, 2002; Moulton and Magalhaes,
2003; Gongalves et al., 2006a). According to Gongalves
et al. (2006a), these two groups could be responsible for
structuring the invertebrate community due to their strong
colonization capacities, regardless of litter quality or the
stage of decomposition. Litter species with low decom-
position rates may be more important as substrates for the
fixation of invertebrates and may eventually become the
source of fine particles (Ardon and Pringle, 2008). In the
present study, both B. platypoda and C. cereifera decom-
posed slowly. Given their long residence time in the
stream, they might serve as permanent substrates for the
development of several aquatic invertebrates, such as Chi-
ronomidae larvae, which have a larval phase of 26 days
(Ramirez and Pringle, 2006).

The functional feeding group of collector-gatherer had
the highest densities in either detritus type, followed by
scrapers. Members of this group feed on fine particulate
organic matter and do not participate directly in the de-
composition process, thus suggesting a continuous accu-
mulation of fine particulate organic matter in the litter

bags (Mathuriau and Chauvet, 2002). The distribution of
scrapers is likely influenced by the growth of biofilm on
the litter surface, which in turn may be related to the col-
onization and activity of microorganisms, highlighting the
importance of biofilm to the food chain and nutrient cy-
cling in lotic systems (Dobson et al., 2002; Gongalves et
al., 2007; Li et al., 2009). This result supports our hypoth-
esis because the abundance of this group indicates rapid
development of biofilm in the detritus studied. However,
the relative abundance of collector-filterer, predator and
shredder groups did not vary over the decomposition
process, suggesting that detritus is used only as substrate
in these groups. Moreover, as we did not reach % of the
total decomposition of leaves of either species, these or-
ganisms may have not yet encountered the conditions fa-
voring high activity in the detritus food web.

Shredders directly utilize the organic matter in leaf tis-
sue for feeding, transforming it into smaller particles for
fragmentation (Graga, 2001), but the importance of this
group in leaf breakdown in tropical streams is unclear.
Their low abundance in these environments may be due
to the higher temperatures of tropical streams relative to
temperate ones (Yule et al., 2009) or the existence of
strong competitive interactions once resources (i.e., the
amount and quality of leaf litter inputs) are limited
(Boyero et al., 2012). Our results show that the inverte-
brate community was not responsible for the changes in
leaf breakdown, consistent with studies in tropical streams
(Gongalves et al., 2007; Moretti et al., 2007). Some stud-
ies show that shredders have low abundance in tropical
streams and emphasize the importance of microorganisms
as major regulators of the process (Dobson et al., 2002;
Gongalves et al. 2007, Li et al., 2009; Boyero et al., 2012;
Bruder ef al., 2014). However, the opposite pattern has
been identified in streams of temperate and subtropical
zones and in high-altitude streams in the tropics, suggest-
ing a greater importance of shredders (Graga, 2001; Yule
et al., 2009; Encalada et al., 2010; Ferreira et al., 2012;
Konig et al., 2014). Moreover, most studies have meas-
ured abundance or density, but the relative importance of
this group should be assessed by biomass, as demon-
strated by Tonin et al. (2014).

CONCLUSIONS

Headwater tropical streams have chemically diverse
detrital resources. We found that intrinsic components of
litter (specifically, the high concentrations of secondary
and structural compounds) have the potential to play key
roles in the decomposition process, supporting our first hy-
pothesis. These high concentrations hinder microbial col-
onization and thereby both affect the composition and
structure of the associated invertebrate community and
slow leaf breakdown, supporting our second hypothesis.
The low palatability and nutritional quality of detritus,
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which are associated with the dissolved nutrient concen-
trations in water, delay the conditioning process in the
leaves. This slows the participation of microbial and in-
vertebrate communities, leading to major physical decom-
position. Low decomposition species are important to the
invertebrate community as substrates and as sources of
particulate organic matter; i.e., as food resources. Our re-
sults increase our understanding of the decomposition
process and associated interactions in these litters and
broaden our knowledge of the ecological processes in
high-altitude lotic ecosystems. We speculate that a key de-
termining factor of the decomposition process was the long
leaching duration (60 days) of the tropical stream, which
delayed the conditioning process for 90 days. Future per-
spective studies are needed that assess the relationships
among fungi, biofilm and ecosystem productivity in natu-
ral open streams. Our results suggest that these factors may
have strong effects on the detritus-primary productive food
web in this ecosystem. We tested part of this hypothesis in
the present study and provide the first evidence of the com-
plex structure of this ecosystem.
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