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Abstract We examined the hypothesis that high concen-
trations of secondary compounds in leaf litter of some trop-
ical riparian tree species decrease leaf breakdown by
inhibiting microbial and insect colonization. We measured
leaf breakdown rates, chemical changes, bacterial, fungal,
and insect biomass on litterbags of eight species of com-
mon riparian trees incubated in a lowland stream in Costa
Rica. The eight species spanned a wide range of litter qual-
ity due to varying concentrations of nutrients, structural and
secondary compounds. Leaf breakdown rates were fast,
ranging from 0.198 d~! (Trema integerrima) to 0.011 d™!
(Zygia longifolia). Processing of individual chemical con-
stituents was also rapid: cellulose was processed threefold
faster and hemicellulose was processed fourfold faster
compared to similar studies in temperate streams. Leaf
toughness (r=—0.86, P =0.01) and cellulose (r=—0.78,
P=0.02) were the physicochemical parameters most
strongly correlated with breakdown rate. Contrary to our
initial hypothesis, secondary compounds were rapidly
leached (threefold faster than in temperate studies), with all
species losing all secondary compounds within the first
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week of incubation. Cellulose was more important than
secondary compounds in inhibiting breakdown. Levels of
fungal and bacterial biomass were strongly correlated with
breakdown rate (fungi r = 0.64, P = 0.05; bacteria r = 0.93,
P <0.001) and changes in structural compounds (lignin
r=—0.55, P=0.01). Collector—gatherers were the domi-
nant functional group of insects colonizing litterbags, in
contrast to temperate studies where insect shredders domi-
nate. Insect biomass was negatively correlated with break-
down rate (r = —0.70, P = 0.02), suggesting that insects did
not play an important role in breakdown. Despite a wide
range of initial concentrations of secondary compounds
among the eight species used, we found that secondary
compounds were rapidly leached and were less important
than structural compounds in determining breakdown rates.

Keywords Decomposition - Tannins - Lignin -
Ergosterol - Fungi - Bacteria - Collector—gatherers

Introduction

Leaf litter chemistry affects its persistence, quality and
availability as a resource to consumers in stream ecosys-
tems (Webster and Benfield 1986; Lecerf et al. 2005).
Leaves of different species are known to decompose at
different rates, and much effort has been devoted to deter-
mining which physical and chemical characteristics are
the main drivers of decomposition rate (Petersen and
Cummins 1974; Webster and Benfield 1986). Leaf litter
chemical constituents reported to slow breakdown rate in
temperate streams include: (1) high concentrations of
structural compounds such as lignin (Triska and Sedell
1976; Gessner and Chauvet 1994); (2) low nitrogen con-
tent (Melillo et al. 1983); (3) high lignin-to-nitrogen and
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carbon-to-nitrogen ratios (Enriquez et al. 1993); and (4)
high concentrations of tannins (Ostrofsky 1997; Driebe
and Whitman 2000).

Classic leaf breakdown studies in temperate streams
have examined both initial and subsequent changes in leaf
litter chemistry and associated biota, providing important
insights into the breakdown process (Kaushik and Hynes
1971; Petersen and Cummins 1974; Triska etal. 1975;
Suberkropp etal. 1976). Variation in leaf litter quality
among species creates a “continuum of processing rates”
(different species decompose at different rates, Petersen and
Cummins 1974), which is important in providing resources
for stream consumers throughout the year (Webster and
Benfield 1986). Studies in temperate streams have shown
that fungi and insect shredders are the principal drivers of
decomposition rates (Suberkropp et al. 1976; Gessner and
Chauvet 1994; Hieber and Gessner 2002). Tropical
streams, on the other hand, have not received as much
attention. Given the physical and biological differences
between tropical and temperate streams, there is good rea-
son to believe that the drivers of leaf breakdown might
differ between these two regions.

The quality of leaves entering tropical streams represent
a wide range of chemistry, due to the high plant species
diversity and the tendency for many tropical plants to be
better chemically defended against herbivores than temper-
ate species (Coley and Aide 1991). Previous studies have
suggested that high concentrations of phenolics and tannins
in leaves of tropical species inhibit colonization by insects
(Janzen 1975; Wantzen et al. 2002) and microbes (Stout
1989) and thus retard leaf litter breakdown (Stout 1989).
However, very little is known regarding the absolute and
relative importance of leaf secondary compounds in deter-
mining breakdown in tropical streams. The available litera-
ture provides conflicting evidence regarding the role of
secondary compounds in leaf breakdown in tropical
streams. Stout (1989), using new and published data,
showed negative correlations between initial tannin con-
centration and breakdown rates of leaves decomposing in
tropical streams. Irons et al. (1994) suggested that differ-
ences in tannin concentration led to difference in break-
down rates among ten species of temperate and tropical
species decomposing in a Costa Rican stream. Wantzen
et al. (2002) found evidence that phenolics in tropical spe-
cies decreased leaf decomposition rates in a temperate
stream. On the other hand, Campbell and Fuchshuber
(1995) incubated both tropical and temperate species in a
temperate stream, and found that initial concentrations of
tannins only inhibited decomposition among closely related
Eucalyptus species.

While previous studies have measured initial chemistry
and leaf breakdown of three or less species in tropical
streams (e.g., Rosemond et al. 1998; Mathuriau and Chauvet
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2002; Gongalvez et al. 2006; Ardén et al. 2006; Stallcup
etal. 2006), to our knowledge no study has examined
breakdown rates, chemical changes of leaves, and biota col-
onizing decomposing leaves of species covering a broad
range of litter quality. Our previous work suggested that
initial concentrations of cellulose and lignin within three
species were more important than secondary compounds in
retarding leaf breakdown (Ardén et al. 2006). Here, we
expand on this work by providing the first data on changes
in leaf chemistry and associated biota on decomposing
leaves from eight native species representing a wide range
of quality in a tropical stream. Information on the changes
in leaf chemistry during breakdown can increase our under-
standing of the direct and indirect role of secondary com-
pounds in leaf breakdown.

The role of detritivores has also been hypothesized to
differ between temperate and tropical streams (Irons et al.
1994). Based on a latitudinal comparison of leaf breakdown
and a literature review, Irons et al. (1994) hypothesized that
due to the lack of insect shredders in tropical systems, leaf
breakdown rates in the tropics were driven more by micro-
bial breakdown than insect shredding, compared to temper-
ate streams. Some studies in tropical streams have
supported this hypothesis by excluding insects using litter-
bags of different mesh size (O’Connor et al. 2000; Rose-
mond et al. 2002; Wright and Covich 2005). However, data
on changes in fungal and bacterial biomass on decompos-
ing tropical leaves are notably scarce (but see: Mathuriau
and Chauvet 2002; Rosemond et al. 2002; Ardén et al.
2006; Gongalvez et al. 2006).

We examined the hypothesis that high concentrations of
secondary compounds retard leaf breakdown dynamics by
decreasing microbial and insect colonization. Our objec-
tives were to: (1) compare leaf litter breakdown rates
among eight tropical riparian tree species spanning a wide
range of initial chemistry; (2) document changes in litter
carbon and nutrient (nitrogen and phosphorus) content, as
well as structural (lignin, cellulose, and hemicellulose) and
secondary (condensed tannins, total phenolics, and hydro-
lysable tannins) compounds during breakdown; (3) exam-
ine if changes in fungal, bacterial and insect biomass on
leaves are correlated with chemical changes in leaves; and
(4) compare chemical changes of decomposing leaves in
this study to classic studies of leaf breakdown conducted in
temperate streams.

Methods
Study site

This study was conducted at La Selva Biological Station,
Costa Rica (10°26'N, 84°01'W). The 1,536 ha reserve is
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the lowland terminus of the last protected unbroken biolog-
ical corridor, spanning an altitudinal gradient from 35 to
2,906 m above sea level, on the Caribbean slope of Central
America. La Selva receives 4,000 mm of rain a year, with
more than 400 mm a month from May to December (San-
ford et al. 1994).

Due to dense canopy cover (>90%), streams are heavily
shaded, resulting in predominantly detritus-based food
webs (Pringle et al. 1993; Rosemond et al. 2002). We con-
ducted experiments in the Sabalo, a third-order stream on
the eastern edge of La Selva. The Sabalo drains primary
forest to the west and pasture/grasslands to the east. Sub-
strata consist primarily of small cobbles and gravel. Stream
water temperature is relatively constant throughout the year
(24-27 °C), and pH values range from 5.5 to 6 (Ramirez
and Pringle 1998). This stream has been described in more
detail elsewhere (Pringle and Hamazaki 1997; Ramirez and
Pringle 1998; Rosemond et al. 1998).

Measurements of stream physical and chemical
characteristics

During the four-month study period, two water samples
were taken monthly for analyses of NO;-N, NH,-N and sol-
uble reactive phosphorus (SRP). Samples were filtered
(0.45 um filters, Millipore, Billerica, MA, USA) and kept
frozen until analyses at the University of Georgia. Phospho-
rus was measured as SRP using the molybdenum-blue tech-
nique (APHA 1998). NO;-N and NH,-N were measured
using the cadmium reduction and phenate methods, respec-
tively (APHA 1998). Temperature, pH and conductivity
were measured biweekly using handheld meters (Hanna
Instruments, Woonsocket, RI, USA). Daily maximum and
minimum water temperatures were also recorded. Flow
velocity over the leaf litterbags was measured biweekly
using a Marsh-McBirney velocity meter (Frederick, MD,
USA). Gauge height was recorded monthly and used to cal-
culate discharge based on staging equations (Pringle,
unpublished data).

Leaf breakdown experiment

We conducted two separate leaf breakdown experiments in
the Sabalo stream. We selected four sites which had similar
flow velocities and channel characteristics along a 1 km
stream reach. Because of tractability (i.e., limitation on how
many leaf litterbags one researcher could process immedi-
ately), we ran two separate experiments. From 26 February
to 26 June of 2003 we examined leaf breakdown of six spe-
cies: Trema integerrima (Beurl) Standl (family Ulmaceae),
Zygia longifolia (Humb. & Bonpl. ex Willd.) Britton &
Rose (Fabaceae), Ficus insipida Willd. (Moraceae),
Castilla elastica Sessé ex Cerv. (Moraceae), Terminalia

oblonga (Ruiz & Pav.) Steud. (Combretaceae),and Luehea
seemannii Triana & Planch (Tiliaceae). From 25 February
to 26 June of 2004 we repeated the experiment using leaves
from two new species [Carapa nicaraguensis C. DC.
(Meliaceae) and Simira maxonii (Standl.) Steyerm. (Rubia-
ceae)], along with two species that had also been included
in the 2003 experiment (Zygia longifolia, and Ficus insip-
ida). From now on, all species will be referred to by their
genus. The second experiment was run using two new spe-
cies so that we could expand the range of initial leaf chem-
istry. We repeated the use of two species (one fast-decaying
species and one slow-decaying species) from our first
experiment to account for possible differences in break-
down rates due to changes in physical or chemical condi-
tions between years. We collected freshly fallen leaves
from at least ten different individual trees of each of the
eight species; leaves were air-dried for three days and
stored in an air-conditioned room until use. We created 5-g
litterbags using plastic mesh bags (22 x 40 cm) with a
coarse mesh (5 mm) to allow access by stream fauna (Ben-
field 2006). We mixed leaves collected from different indi-
vidual trees before placing them into bags. Litterbags were
anchored to the streambed using metal stakes (Benfield
2006).

We collected one litterbag per site on day 0 and six pre-
determined dates for each species. Published breakdown
rates of three species (Trema, Ficus, and Zygia; Irons et al.
1994; Rosemond et al. 1998) and knowledge of the initial
chemistry of all eight species enabled us to preselect leaf
collection retrieval dates for each species in order to cover
most of the breakdown process (i.e., up to 90% mass loss).
We overestimated the decomposition rate for Simira and
stopped collection at 60% mass loss. Day “0” samples were
brought back to the laboratory immediately to account for
handling losses and determine initial concentrations of
chemical constituents. On each collection date we removed
one litterbag per species per site from the stream with a fine
mesh net, placed it into an individual plastic bag, and trans-
ported it back to the laboratory for immediate processing.
Leaves were rinsed over a 300 pm sieve to remove sedi-
ments and insects. Leaves were dried for 24-36 h at 40 °C,
weighed, and ground. A subsample (1 g) was ashed at
500 °C for 1 h and reweighed to determine ash free dry
mass (AFDM).

Leaf toughness was measured on day 0 samples using a
pressure set on a Pesola spring scale (Pesola AG, Baar,
Switzerland). Leaves were clamped between two Plexiglas
plates with a 4 mm diameter hole. The number of grams
necessary to punch a 1.7 mm diameter rod completely
through the leaf provided an index of toughness (Kursar
and Coley 2003). Five replicate punches were made on
each leaf with care to avoid the veins, and five leaves from
each litterbag were examined.
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Subsamples were taken for chemical analyses on day “0”
and three collection dates selected for each species to repre-
sent early, middle and late stages of breakdown. Subsam-
ples were ground to fine powder and refrigerated at 4 °C
until analyzed. We estimated cellulose, hemicellulose, and
lignin by sequential neutral detergent/acid detergent diges-
tion on an ANKOM 200 fiber analyzer (ANKOM Fiber
Technologies, Fairport, NY, USA). Three separate analyses
were conducted for phenolics: condensed tannins were esti-
mated as proanthocyanidins using the rn-butanol/HCL
methods (Bate-Smith 1975; Schultz and Baldwin 1982),
hydrolysable tannins were estimated using a potassium-
iodate technique developed by Bate-Smith (1977) and mod-
ified by Schultz and Baldwin (1982), and total phenolics
were estimated with the Folin-Denis assay (Swain 1979).
All assays produced colorimetric reactions in proportion to
phenolic concentration, which were compared to standards
made from bulk samples used in the experiments. Stan-
dards for tannin analysis were made by sequential washes
of bulk samples by acetone extraction, to avoid problems
associated with using commercial standards (Appel et al.
2001). Because these assays rely on different reactions,
condensed tannins and hydrolysable tannins can be higher
than total phenolics (Schultz and Baldwin 1982). While
there are clear limitations on the results provided by these
assays (Martin and Martin 1982), they do provide a relative
measure of the concentration of these compounds in the
leaves during the breakdown process. Leaf carbon and
nitrogen content were determined using a Carlo Erba NA
1500 CHN Analyzer (Carlo Erba, Milan, Italy). For phos-
phorus analysis, ground leaf material was weighed into
acid-washed and pre-ashed ceramic crucibles, ashed at
500 °C, acid-digested, and analyzed spectrophotometrically
(ascorbic acid method, APHA 1998).

On three collection dates for each species (selected to
represent early, middle and late stages of breakdown), we
sampled fungal, bacterial, and insect biomass. Insects were
preserved in 10% formalin and later identified to the lowest
possible taxonomic level (genus in most cases; family for
Chironomidae) using available literature (M. Springer,
unpublished data; Rolddn 1996). Biomass for insects was
estimated using length-mass regressions (Benke et al.
1999). Fungal biomass was estimated using ergosterol
(Suberkropp and Weyers 1996). Forty disks (1.2 cm diame-
ter) were punched from randomly selected leaves from each
litterbag immediately after collection on three dates. Thirty
disks were stored in methanol for ergosterol analysis, five
disks were stored in 2% buffered formalin solution for bac-
terial enumeration, and the five remaining disks were dried
for 24-36 h at 40 °C, weighed, ignited at 500 °C for 1 h,
and reweighed to determine AFDM. Ergosterol was extracted
from leaf disks in alkaline methanol by refluxing for 30 min,
partitioning into pentane, drying and redissolving in methanol.
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The amount of ergosterol present was determined by com-
paring absorbance at 282 nm with known quantities of
ergosterol after separation from other lipids by high-perfor-
mance liquid chromatography (Suberkropp and Weyers
1996). Ergosterol was converted to fungal biomass using
the ratio of 5.5 pg ergosterol per 1 mg fungal dry mass
(Gessner and Chauvet 1993).

Bacterial biomass was calculated by staining bacteria
with DAPI (Porter and Feig 1980). To dislodge bacterial
cells from leaf disks, samples were sonicated in an ice bath
for 10 min (HT 150 Sonicator, VWR Scientific Inc., West
Chester, PA, USA). Following sonication, 2 mL subsam-
ples were placed in a 12-port Millipore vacuum filter mani-
fold and stained with DAPI (final concentration 10 pg L")
for 10 min in the dark. Samples were filtered through black
polycarbonate membrane filters (0.22 um, Poretics) backed
with a 0.45 um Millipore cellulose nitrate filters and rinsed
with 2 ml of 2% buffered formalin. Filters were mounted on
glass slides with Cargille type FF nonfluorescent immer-
sion oil. Bacteria were counted using 1000x epifluorescent
microscopy (BH-2, Olympus, Tokyo, Japan). At least ten
grids per filter (20-30 cells per grid) were counted. Biovo-
lumes were estimated using geometric shapes (Bratbak
1985; Wetzel and Likens 2000), and total carbon by multi-
plying biovolumes by 5.6 x 107 g C um™ (Bratbak
1985).

Statistical analyses

Litterbag breakdown rates were estimated by linear regres-
sion of natural log-transformed percent AFDM remaining
versus day (negative exponential model; Benfield 2006).
Analysis of covariance (ANCOVA) was used to test for
differences in breakdown rates among leaves of the eight
species. We used analysis of variance (ANOVA) followed
by post hoc Tukey tests to examine differences in stream
physical characteristics, initial litter chemistry, fungal, bac-
terial and insect biomass among species. We tested for nor-
mality using Shapiro—Wilk W test; logarithmic or arcsine
square-root transformations were used when needed to
meet assumptions of normality. We used Pearson correla-
tion analyses to examine relationships between breakdown
rates, invertebrate, bacterial and fungal biomass, and leaf
litter chemistry (Gessner and Chauvet 1994). When analyz-
ing relationships between initial leaf chemistry and break-
down we conducted the analyses with eight species (using
only the 2003 data for Ficus and Zygia) and with 10 species
(using the 2003 and 2004 data for both Ficus and Zygia).
The main conclusions were the same with both analyses, so
we are only presenting the results of analyses with eight
species. All analyses were performed on Statistical Analy-
sis Systems (SAS 1999). In order to compare the process-
ing of individual chemical constituents in our study to
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Table 1 Chemical and physical characteristics of the Sabalo study
stream, La Selva Biological Station, during experiments

Table 2 Breakdown rate coefficients for eight common riparian tree
species incubated in the Sabalo study stream

2003 2004

Mean  Range Mean  Range

0.79*% 0.48-1.14
0.14* 0.08-0.25

1.20* 0.95-1.56
0.45% 0.14-1.17

Discharge (m*s™")

Flow velocity (m s7h

Temperature (°C) 2620 25.40-27.20 24.83 24.10-26.10
pH 589 5.71-6.13 590 526-7.23
Conductivity (uS/cm) 65.13  47.40-80.10 65.61 47.20-85.00
PO,-P (ngL™") 4 1-12 6 1-27
NO,;-N (g L™h 102 33-247 134 96-197
NH,-N (ugL™") 20 0-36 3 0-29

Discharge n = 4; water chemistry, flow velocity, pH, temperature and
conductivity n =8
* Significantly different between years (P < 0.05)

studies in temperate streams, we used Data Thief software
(http://www.datathief.org/) to extract data from figures con-
ducted in temperate studies. Using at least four points from
each graph in each study, we were able to estimate decay
coefficients of the chemical constituents by linear regres-
sion of the natural log-transformed concentration versus
day (Benfield 2006).

Results
Site characteristics

Rainfall was higher in 2004 than in 2003; the daily average
during the study period in 2003 was 10.3 mm while in 2004
it was 17.3 mm (P =0.013). The difference was driven
mostly by rain during March of each year. Daily rainfall in
March 2003 was 3.95 mm while in March 2004 it was
13.94 mm (P <0.005). Litterbags were subject to higher
flow velocity in 2004 (120ms™') than in 2003
(0.79 m s~!, Table 1; P = 0.001).

Mass loss

There was an order of magnitude variation in breakdown
rate among the eight species [Table 2, see also “Electronic
supplementary material” (ESM) Fig. S1]. Breakdown rates
were fastest for Trema (k=0.198 d' 15 days to 95% mass
loss), and slowest for Zygia (k=0.011 d-! 214 days to
95% mass loss; Table 2). We observed a faster breakdown
rate for Ficus in 2004 than in 2003 (k in 2003 = 0.079 d-!
kin 2004 = 0.11 d~'; P = 0.02). Breakdown rates for Zygia
did not differ between the two years (k in 2003 = 0.011 !
kin 2004 =0.014d""; P =0.15).

Species Breakdown  Standard 7 Days to 95%
rate k (day’l) error mass loss

2003

Trema integerrima 0.198a 0.0170  0.81 15
Ficus insipida 0.079b 0.0039 093 38
Terminalia oblonga  0.039¢ 0.0029 093 77
Castilla elastica 0.038c 0.0018 094 79
Luehea seemannii 0.033c 0.0045 0.83 91
Zygia longifolia 0.011d 0.0014  0.86 272
2004

Ficus insipida 0.111e 0.0120 0.86 27
Simira maxonii 0.048bc 0.0044 090 62
Carapa nicaraguensis 0.023cd 0.0020 0.92 130
Zygia longifolia 0.014d 0.0017  0.86 214

Different letters denote significant differences using ANCOVAs

Chemical changes in leaves during breakdown

Initial leaf litter chemistry differed greatly among the eight
species used in both experiments (Table 3). We observed
wide variation in initial lignin concentration [5.57-30.28%
dry mass (DM)], phosphorus (0.06-0.16% DM), total phen-
olics (0.97-32.33% DM), and condensed tannins (0.48—
23.20% DM). Breakdown rate was correlated with leaf
toughness and initial concentrations of structural com-
pounds (leaf toughness r=—0.86, P=0.01; cellulose
r=-—0.78, P =0.02; carbon r= —0.76, P = 0.02; Table 4).
Breakdown was also correlated, although marginally sig-
nificantly, with lignin (r = —0.66, P = 0.07) and condensed
tannins (r = —0.58, P = 0.06).

Nutrient content

Initial carbon concentration was highest in Zygia (47.5%
DM) and lowest in Trema leaf litter (34.1% DM, Table 3).
Initial leaf litter nitrogen concentration was highest in
Simira (2.05% DM) and lowest in Carapa (0.91% DM;
Table 3, “ESM” Fig. S2). Only Trema, Ficus and Castilla
had net decreases in the concentration of N during decom-
position (“ESM” Fig. S2). Castilla had the highest initial
phosphorus concentration (0.11% DM), whereas Zygia had
the lowest (0.06% DM; Table 3, “ESM” Fig. S3). Phospho-
rus concentration tended to increase in all eight species
(“ESM” Fig. S3)

Structural compounds

Initial concentrations of cellulose were lowest in Trema
(12.2% DM), and highest in Zygia (24.5% DM, Table 3,
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Fig. 2). Condensed tannin concentration declined rapidly in
all eight species (Fig. 2). Total phenolics were highest in
Carapa (32.3% DM) and lowest in Trema (0.97% DM;
Table 3), and declined rapidly in all eight species (“ESM”
Fig. S5). Hydrolysable tannins were highest in Carapa
(34.8% DM) and lowest in Ficus (2.6% DM, Table 3).

Fungal, bacterial, and invertebrate biomass on the leaves
Fungi

Fungal biomass differed among species (P <0.001) and
time affected species differently (time x species interaction
P <0.001, Fig. 3). Trema and Ficus supported the highest
fungal biomass (Fig.3). Maximum fungal biomass on
leaves was strongly and positively correlated with leaf litter
breakdown rate (r =0.64, P =0.05; Table 5). Fungal bio-
mass on leaves was negatively correlated to initial leaf
toughness (r = —0.78, P = 0.001, Table 6a). Fungal biomass
during the breakdown process was negatively correlated to
changes in lignin concentration, lignin:N and lignin:P ratios
during breakdown (lignin r = —0.55, P =0.016; lignin:N
r=-0.55 P=0.016, lignin:P r=-045 P=0.057;
Table 6b).

Bacteria

Bacterial biomass differed among species (P < 0.0001) and
increased over time (P < 0.001), though not at the same rate
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Fig. 2 Chemical changes in concentration of condensed tannins
(percent dry mass =+ 1 standard error) in decomposing leaves of eight
species of common riparian trees in the Sabalo study stream. Note
different scales on x and y-axes
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Fig. 3 Fungal and bacterial biomass on decomposing leaves of eight
species of common riparian trees. Mean biomass £ 1 standard error.
Fungal biomass is represented by white circles while bacterial biomass
is shown by black circles. Note the different scales on x and y-axes

Table 5 Pearson correlation coefficients between breakdown rate (k)
and maximum biomass of fungi, bacteria and insects (n = 8)

Parameter r P
Maximum fungal biomass 0.64 0.05
Maximum bacterial biomass 0.93 <0.0006

Maximum invertebrate biomass —0.70 0.02

for all species (species x time interaction P < 0.001, Fig. 3).
Similar to fungal biomass, Trema and Ficus supported the
highest bacterial biomass. Maximum bacterial biomass was
strongly positively correlated to leaf litter breakdown rate
(r=0.93, P <0.001; Table 5). Bacterial biomass was nega-
tively correlated with initial concentrations of cellulose
(r=-0.73, P=0.03) and carbon (r=-—0.80, P=0.01;
Table 6a). Changes in carbon (r = —0.73, P <0.001), C:P
(r=-0.49, P=0.03), and lignin:P (r=—-0.55, P=0.01)
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Table 6 (a) Pearson correlation coefficients between maximum
decomposer biomass and mean initial leaf chemical constituents
(n = 8); and (b) Pearson correlations between decomposer biomass for
each of three collection dates and mean concentrations of chemical
constituents during breakdown sampled on same date

Parameter Chemical constituent r P

(a) Initial chemistry

Fungal biomass Leaf toughness —-0.78  0.001

Bacterial biomass Cellulose —0.73 0.03
Carbon —0.80 0.01

Invertebrate biomass Condensed tannins 0.74  0.03

(b) Chemical changes during breakdown

Fungal biomass Lignin —0.55 0.016
Lignin:N -0.55  0.016
Lignin:P —045  0.057

Bacterial biomass Carbon —0.73  0.0005
C:P —-0.49  0.03
Lignin:P —-0.55 0.01

Invertebrate biomass No variables

8 species x 3 collection dates per species = 24

during the decomposition process also negatively affected
bacterial biomass (Table 6b). Since these are some of the
first estimates of bacterial biomass on decomposing leaves
in a tropical stream, we recounted a third of the samples to
make sure that our counts were consistent. Out of 15 com-
parisons, we only found two dates for which there were sig-
nificant differences between counts. In those two cases we
present the average of the two counts.

Insects

Assemblages were dominated by collector—gatherers
(“ESM” Table S1). There were significant differences in
insect biomass among species (P =0.01), over time
(P =0.01) and their interaction (species x time, P < 0.001,
Fig.4). Carapa had the highest total biomass
(biomass = 17.9 mg litterbag™!) and Trema the lowest
(biomass = 2.2 mg litterbag™!). Insect biomass was nega-
tively correlated with breakdown rate (r = —0.70, P = 0.02,
Table 5) and positively correlated with condensed tannins
(r=0.74, P=0.03, Table 6a). Insect biomass tended to
decrease with increasing fungal and bacterial biomass, even
though the relationship was not significant (r= —0.35,
P =0.1, data not shown).

Discussion

Our results did not support our initial hypothesis that sec-
ondary compounds inhibit microbial and invertebrate pro-
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Fig. 4 Insect biomass on decomposition of eight species of common
riparian trees in the Sabalo study stream. Mean biomass + 1 standard
error. Note different scale of x-axis

cessing of leaves. Contrary to a previous hypothesis that
high concentrations of secondary compounds in tropical
leaves inhibit breakdown rate (Stout 1989; Wantzen et al.
2002), secondary compounds were rapidly leached (three-
fold faster than rates reported for temperate leaves, Table 7)
and structural compounds (i.e., cellulose) were more impor-
tant than secondary compounds in retarding leaf breakdown
(Table 4). Structural compounds appear to retard leaf
breakdown by inhibiting fungal and bacterial colonization
of leaves (Table 6). In support of previous claims of the
importance of microbes in tropical streams (Irons et al.
1994), bacteria and fungi were strongly correlated to break-
down rate in this study while insects played a small role in
the overall breakdown process (Table 5).

What are the direct and indirect roles of secondary
compounds in leaf breakdown?

Despite the wide range of initial concentrations of second-
ary compounds among the eight species, all species lost
almost all secondary compounds within the first week of
incubation in the stream (Fig. 2, “ESM” Fig. S5). Loss of
these compounds was threefold faster in our tropical study
stream compared to reports from temperate streams,
(Table 7). This fast disappearance is partly due to the rela-
tively high water temperature, which is known to enhance
leaching of soluble compounds (Short and Ward 1980; Paul
et al. 1983).

Rapid leaching rates of secondary compounds, and the
lack of a correlation between concentrations of these com-
pounds and breakdown rate, strongly suggest that second-
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Table 7 Decay coefficients (+? in parentheses) for chemical constituents in studies conducted in temperate streams, compared to decay coefficients
in decomposing leaf litter in this study

Species N Lignin Cellulose  HC Phenolics*  Source
Alnus rubra —0.0003 —0.0068 —0.017 Triska et al. (1975)
(0.02) (0.48) (0.98)
Acer circinatum 0.0053 —0.0023 —0.004 Triska et al. (1975)
(0.99) 0.57) (0.31)
Acer macrophyllum 0.0026 —0.00156  —0.004 Triska et al. (1975)
(0.70) (0.05) (0.88)
Pseudotsuga menziesii and Tsuga heterophylla 0.0029 0.0013 —0.003 Triska et al. (1975)
(0.70) 0.12) (0.98)
Quercus alba —0.0038 —0.0047 —0.0096 —0.01 —0.0084 Suberkropp et al. (1976)
(0.91) (0.93) (0.98) (0.99) 0.41)
Carya glabra —0.0159 —0.0034 —-0.0074 —0.01 —0.0105 Suberkropp et al. (1976)
(0.98) (0.94) (0.70) 0.61) (0.62)
Quercus petrea 0.0028 0.0050 —0.0044 —0.0182 Rosset et al. (1982)
(0.43) 0.61) (0.94) (0.90)
Larix deciduas 0.0026 0.0029 —0.0002 —0.0176 Rosset et al. (1982)
(0.73) (0.44) (0.04) 0.72)
Picea abies 0.0028 0.0019 0.0005 —0.0015 Rosset et al. (1982)
(0.99) (0.53) 0.07) (0.79)
Acer negundo —0.0025 —0.011 —0.018 Paul et al. (1983)
(0.16) (0.93) (0.95)
Platanus occidentalis 0.0024 —0.0087 —0.029 Paul et al. (1983)
(0.80) (1.00) (0.28)
Alnus glutinosa —0.0015 —0.0009 —0.0039 —0.003 Chauvet (1987)
(0.75) (0.40) (0.96) (0.96)
Populus nigra —0.0027 —0.0012 —0.0031 —0.004 Chauvet (1987)
(0.86) (0.78) 0.97) (0.97)
Salix alba —0.0011 —0.0008 —0.0034 —0.004 Chauvet (1987)
(0.39) (0.38) (0.93) (0.93)
Alnus glutinosa —0.093 Birlocher et al. (1995)
(0.71)
Eucalyptus globules —0.065 Birlocher et al. (1995)
(0.98)
Castilla elastica —0.007 0.00 —0.011 —0.012 —0.046 This study
(0.90) (0.00) (0.98) 0.97) 0.51)
Carapa nicaraguensis 0.0015 0.0003 —0.0016 —0.007 —0.0126 This study
(0.32) (0.00) 0.01) (0.79) (0.29)
Ficus insipida —-0.0119 0.0186 0.012 —0.021 —0.0242 This study
(0.52) 0.51) (0.98) (0.92) (0.18)
Luehea seemannii —0.0002 —0.0020 —0.0033 —0.004 —0.146 This study
(0.02) 0.27) 0.74) (0.84) (0.98)
Simira maxonii 0.0024 0.0148 —0.0080 —-0.019 —0.043 This study
(0.66) (0.54) 0.51) (0.94) (0.20)
Terminalia oblonga 0.0108 —0.021 —0.0074 —0.021 —0.35 This study
(0.85) (0.79) 0.47) (0.95) —
Trema integerrima —-0.0172 0.067 —-0.13 —0.125 —0.0100 This study
(0.40) (0.73) (0.99) (0.98) -
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Table 7 continued

Species N Lignin Cellulose HC Phenolics* Source

Zygia longifolia 0.0012 —0.0031 —0.0134 —0.009 —0.1469 This study
(0.97) (0.78) (0.99) (0.99) (0.93)

Average temperate studies —0.00053 —0.0027* —0.0058 —0.0063 —0.0307

Average this study —0.003 —0.0017* —0.0203 —0.0276 —0.0938

Difference this study vs. temperate studies 5.6 0.62 3.5 43 3.1

Blank spaces indicate data was not available

HC hemicellulose, N nitrogen

* We only included studies that used the Folin-Denis or the Folin-Ciocalteus methods

# Does not include species in which lignin concentrations increased during breakdown

ary compounds are unlikely to play a direct role in leaf
breakdown among the tropical species we examined. Our
results contradict previous suggestions that high concentra-
tions of secondary compounds in tropical leaves slow leaf
breakdown (Stout 1989; Wantzen et al. 2002). The few
studies that have examined the role of secondary com-
pounds in determining leaf breakdown in tropical streams
have either involved transplant experiments between tem-
perate and tropical streams with a few species from each
site (i.e., two or less, Stout 1989; Irons et al. 1994), or incu-
bation of three or more tropical species in temperate
streams (Campbell and Fuchshuber 1995; Wantzen et al.
2002). By incubating native leaves in a tropical stream and
following the chemistry of the leaves, we showed that tan-
nins and phenolics are rapidly leached, and are thus
unlikely to play a direct role in leaf breakdown.

It is plausible that secondary compounds might have
played an indirect role in leaf breakdown by reacting with
other leaf chemical constituents. In three species in our
study (Trema, Ficus, and Simira), lignin increased during
the decomposition process (“ESM” Fig S4). This phenome-
non of increasing lignin during decomposition can results
from interactions between litter-N and phenolics, which
react to form recalcitrant compounds that behave like lignin
in the sequential extraction method (see Suberkropp et al.
1976). In our study lignin showed a net increase only in the
three fastest decomposing species (Trema, Ficus, and
Simira), which also had high initial N content (Table 3),
suggesting that N could have reacted with phenolics to
form lignin-like compounds. As suggested by Suberkropp
et al. (1976), future studies should examine the N content
of the lignin fraction to determine if there is higher N con-
tent compared to the initial leaf N.

Structural compounds, particularly cellulose, were more
important in determining leaf breakdown rate than second-
ary compounds (Table 4). Lignin was also correlated to
breakdown rate, although the correlation coefficient was
only marginally significant (P = 0.07). Previous studies in
temperate streams have shown that structural compounds
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can be important in determining leaf breakdown (Gessner
and Chauvet 1994). The persistence of both cellulose and
lignin concentrations in leaves suggests that these com-
pounds can play a direct role in determining leaf break-
down by inhibiting microbial and insect consumers
processing the leaves.

The processing of cellulose and hemicellulose was
slower relative to secondary compounds in our study
(Figs. 1, 2; Table 7). However, when compared to studies
conducted in temperate streams, cellulose and hemicellu-
lose were processed much faster (3.5 and 4.3-fold faster
respectively; Table 7) in our study. Our work suggests that
processing of individual structural compounds in leaves is
faster in our tropical study stream than in temperate streams
(Table 7). Our results expand on previous studies that have
reported rapid leaf breakdown in tropical streams versus
temperate streams (Irons et al. 1994; Benstead 1996; Dud-
geon and Wu 1999; Mathuriau and Chauvet 2002) by
showing that the processing of cellulose and hemicellulose
is also faster.

Do changes in secondary or structural compounds affect
fungal, bacterial and insect biomass on leaves?

We did not find any evidence that initial concentrations of
secondary compounds inhibited fungal, bacterial or insect
biomass (Tables 5, 6). We did find a positive correlation
between condensed tannins and invertebrate biomass
(Table 6). However, rapid leaching of total phenolics,
condensed tannins and hydrolyzable tannins in our leaves
suggest that, regardless of initial concentrations, second-
ary compounds are unlikely to determine microbial or
insect colonization of leaves. Previous laboratory studies
have shown that secondary compounds decreased fungal
biomass on leaves (Canhoto and Graca 1999) and feeding
by insects (Rincén and Martinez 2006). Our results indi-
cate that in the field, secondary compounds might not per-
sist in the leaves for long enough to limit microbial or
insect processing. Other studies in temperate streams have
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also found that invertebrates are not affect by secondary
compounds due to the rapid leaching that occurs once leaves
enter the stream (Tuchman et al. 2002; Rier et al. 2005).

In contrast to secondary compounds, our results indicate
that both initial concentrations and changes in structural
compounds during breakdown are important in determining
fungal and bacterial biomass (Table 6). Kinetic limitation
of fungi due to the presence of recalcitrant structural com-
pounds, in particular lignin, has been shown in previous
studies (Triska and Sedell 1976; Gessner and Chauvet
1994). During early stages of breakdown, labile materials
are leached out or processed, leaving the more recalcitrant
C compounds which require specialized enzymes to be bro-
ken down. This agrees with our previous work showing that
cellulose and lignin on leaves can limit microbial respira-
tion on leaves (Ardén et al. 2006).

What are the relative contributions of fungi, bacteria
and insects to leaf breakdown?

Our results support previous claims that fungi and bacteria
play a key role in leaf breakdown, as indicated by the
strong and positive correlation of both fungal and bacterial
biomass with breakdown rate (Table 5). Levels of fungal
and bacterial biomass reported here are some of the highest
reported in the literature. Fungal biomasses measured on
Trema and Ficus litterbags (Trema mean 106 mg g
AFDM™!; Ficus mean 116 mg g AFDM ™) are at the high
end of values reported for temperate streams (mean value
88 mg g~ !; Gessner et al. 1997). Observed biomass concen-
trations were similar to those reported in another tropical
stream in Colombia (Mathuriau and Chauvet 2002) and to
those previously measured on decomposing leaves at La
Selva (Rosemond et al. 2002). Bacterial biomass was high
and similar to values reported in a nutrient-enriched stream
in North Carolina (Trema biomass range 0.4-0.9 mg C g~
AFDM,; red maple biomass range 0.1-1 mg C g~' AFDM;
Gulis and Suberkropp 2003).

Two lines of evidence support the hypothesis that insects
did not play a significant role in leaf breakdown (Irons et al.
1994). First, collector—gatherers, not shredders, were the
most abundant functional feeding group on litterbags. This
agrees with several studies of insect assemblages in tropical
streams (Dudgeon 1982; Ramirez and Pringle 1998; Dob-
son et al. 2002; Mathuriau and Chauvet 2002). Second, we
found a negative correlation between insect biomass and
leaf breakdown rate (Table 5), which suggests that insects
are using recalcitrant leaves as substrata for attachment and
feeding on particles deposited on the leaves.

The mesh size of the litter bags we used (5 mm) could
have excluded larger macroconsumers like crabs and
shrimp, suggesting that our estimates of insect biomass on
the leaves might be higher than if we had used a larger

mesh. Despite the higher insect biomass, we did not see a
positive correlation between insect biomass and breakdown
rate, suggesting that insects play a minor role in the break-
down process. Our results agree with a previous study in
this same stream, which used electricity to exclude macro-
consumers from leaf packs (Rosemond et al. 1998). Despite
increased insect biomass in the absence of macroconsum-
ers, this did not result in faster breakdown rates (Rosemond
et al. 1998).

What are the functional roles of leaves of different quality
in a tropical rainforest stream?

Leaves of different quality, which are processed at varying
rates, provide different types of resources for microbial and
insect consumers. Rapidly decomposing species are quickly
processed by fungi and bacteria without supporting much
insect biomass. Some of the C provided by these leaves is
lost as microbial respiration while some becomes fine par-
ticulate organic matter for consumers downstream. The
rapid processing of Trema leaves, which had almost com-
pletely disappeared in 15 days, makes it an unlikely perma-
nent substrate for chironomid larvae with a larval stage of
26 days (Ramirez and Pringle 2006). On the other hand,
slow-decomposing species might be more important as sub-
strata for attachment of collector—gatherers, and eventually
also become sources of fine particles as they are slowly bro-
ken down. For example, Carapa and Zygia leaves could
provide a permanent substratum for the development of 5-8
cohorts of Chironomidae larvae, given the long residence
time of leaves in the stream.

The functional role of leaf litter in stream food webs
depends upon the rate and timing at which leaves enter the
stream and the residence time in the stream. Both the rate
and timing of leaf litter inputs differ between temperate and
tropical streams. In temperate streams, where leaf fall
occurs once a year, the allochthonous resource base is com-
posed of leaf litter that is processed at varying rates, thus
providing food resources for insects throughout the year
(Grubbs and Cummins 1996; Schofield et al. 2001). In con-
trast, leaf litter inputs into tropical rainforest streams are
constant throughout the year; however, the rate of litter pro-
duction differs among species (Hartshorn 1983). Even
though we did not directly measure rate of leaf litter pro-
duction for the eight species used in this study, we observed
that those tree species which produced the most leaf litter
(Trema and Ficus) were characterized by rapidly decom-
posing leaves, while tree species which produced lower
amounts of leaf litter (Zygia and Carapa) produced slow-
decomposing leaves. This pattern agrees with the hypothe-
sis that plants which are constantly producing new leaves
tend to produce them with lower concentrations of struc-
tural compounds (Coley and Aide 1991).
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In conclusion, our results did not support our initial
hypothesis that secondary compounds inhibit leaf break-
down in tropical streams. We found that concentrations of
structural compounds (i.e., cellulose) were more important
than secondary compounds in slowing leaf breakdown
through limitation of bacterial and fungal biomass. Results
suggest that fast-decomposing species are important carbon
sources for microbial consumers while slow-decomposing
species are important for invertebrates as substrata for
attachment and eventually as a source of particulate organic
matter. Changes to riparian plant communities can poten-
tially alter the quality and availability of basal leaf litter
resources in tropical stream food webs. These findings are
important given that lowland tropical riparian forests are
becoming severely degraded, often suffering decreases in
tree species diversity and abundance (Pringle et al. 2000;
Neill et al. 2001; Benstead et al. 2003).
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