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Does leaf quality mediate the stimulation of leaf
breakdown by phosphorus in Neotropical streams?

MARCELO ARDON, LINDSAY A. STALLCUP AND CATHERINE M. PRINGLE
Institute of Ecology, University of Georgia, Athens, GA, U.S.A.

SUMMARY

1. Lowland tropical streams have a chemically diverse detrital resource base, where leaf
quality could potentially alter the effect of high nutrient concentrations on leaf breakdown.
This has important implications given the extent and magnitude of anthropogenic nutrient
loading to the environment.

2. Here, we examine if leaf quality (as determined by concentrations of cellulose, lignin and
tannins) mediates the effects of high ambient phosphorus (P) concentration on leaf
breakdown in streams of lowland Costa Rica. We hypothesised that P would have a
stronger effect on microbial and insect processing of high- than of low-quality leaves.

3. We selected three species that represented extremes of quality as measured in leaves of
eight common riparian species. Species selected were, from high- to low-quality: Trema
integerrima > Castilla elastica > Zygia longifolia. We incubated single-species leaf packs in
five streams that had natural differences in ambient P concentration (10-140 pg soluble
reactive phosphorus (SRP) L™"), because of variable inputs of solute-rich groundwater and
also in a stream that was experimentally enriched with P (approximately 200 pg SRP L™").
4. The breakdown rate of all three species varied among the six streams: T. integerrima
(k-values range: 0.0451-0.129 day™"); C. elastica (k-values range: 0.0064-0.021 day'); and
Z. longifolia (k-values range: 0.002-0.008 day'). Both ambient P concentration and flow
velocity had significant effects on the breakdown rate of the three species.

5. Results supported our initial hypothesis that litter quality mediates the effect of high
ambient P concentration on leaf processing by microbes and insects. The response of
microbial respiration, fungal biomass and invertebrate density to high ambient P
concentration was greater in Trema (high quality) than in Castilla or Zygia (low quality).
Variation in flow velocity, however, confounded our ability to determine the magnitude of
stimulation of breakdown rate by P.

6. Cellulose and lignin appeared to be the most important factors in determining the
magnitude of P-stimulation. Surprisingly, leaf secondary compounds did not have an
effect. This contradicts predictions made by other researchers, regarding the key role of
plant secondary compounds in affecting leaf breakdown in tropical streams.
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cycling, nutrient spiraling and energy transfer (Web-
ster & Benfield, 1986; Tank & Webster, 1998; Wallace
et al., 1999). While factors, such as leaf quality and
ambient nutrient concentrations, are known to affect
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Leaf breakdown is a vital process in headwater
streams, linked to such ecosystem processes as carbon

leaf breakdown rate independently (see reviews by
Webster & Benfield, 1986; Boulton & Boon, 1991;
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Abelho, 2001), their potential interactions have
received much less attention.

618 © 2006 The Authors, Journal compilation © 2006 Blackwell Publishing Ltd



Leaf quality is determined by the concentration and
forms of organic carbon (C) present and leaf nutrient
content (Aber & Melillo, 2001). Small, labile C
molecules with a high energy content (e.g. simple
sugars) are easily broken down, whereas recalcitrant
C compounds (e.g. cellulose, hemicellulose, lignin
and tannins) have large three-dimensional, complex
structures that can be broken down only by
specialised enzymes, making them metabolically
more costly for microbes (Sinsabaugh ef al., 1993).
Plant species with a high concentration of recalcitrant
forms of C are broken down at a slow rate (Webster
& Benfield, 1986; Aerts, 1997). Leaf nutrient content
also affects breakdown rate. Leaves with high con-
centrations of nitrogen (N) and phosphorus (P) tend
to be broken down faster than leaves from species
with low nutrient content (Enriquez, Duarte & Sand-
Jensen, 1993).

In addition to leaf quality, various studies have
demonstrated that ambient nutrient concentration can
affect the breakdown process. Faster breakdown has
been reported in response to high N (Meyer &
Johnson, 1983; Suberkropp & Chauvet, 1995), P
(Elwood et al., 1981; Rosemond et al., 2002) and both
nutrients together (Howarth & Fisher, 1976; Robinson
& Gessner, 2000; Grattan & Suberkropp, 2001; Gulis &
Suberkropp, 2003). Increases in ambient nutrient
concentrations can alter microbial activity, leading to
faster leaf breakdown rates and increased leaf nutri-
tional quality for invertebrate consumers (Elwood
et al., 1981; Suberkropp & Chauvet, 1995; Pearson &
Connolly, 2000; Robinson & Gessner, 2000; Gulis &
Suberkropp, 2003; Ramirez, Pringle & Molina, 2003).
In contrast, some studies have reported no change in
leaf breakdown rate in response to nutrient enrich-
ment (Triska & Sedell, 1976; Newbold et al., 1983;
Royer & Minshall, 2001).

The interaction between leaf quality and ambient
nutrients in stream water has not been examined
thoroughly; most studies have focussed on the
nutrient content of the organic matter itself (Peterson
et al., 1993; Royer & Minshall, 2001; Stelzer, Heffer-
nan & Likens, 2003; Gulis et al., 2004). These studies
found a stronger effect of high ambient nutrients on
the breakdown of substrates with lower intrinsic
nutrient content (Peterson et al., 1993; Stelzer et al.,
2003; Gulis et al., 2004). However, no study has
examined how the concentration of recalcitrant C
compounds in leaves can potentially mediate the
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effect of high ambient nutrients on leaf breakdown in
streams.

Based on the breakdown dynamics of wood,
Melillo et al. (1983, 1984) proposed that C availability
in organic matter can determine microbial nutrient
demand. Microbes growing rapidly on high quality
substrates with small, labile C molecules would have
Consequently,
(which are not carbon-

high nutrient requirements. such
microbial communities
limited) might become nutrient-limited in oligotro-
phic stream water (Melillo et al., 1984). In contrast,
microbes on low-quality substrates with a high
concentration of recalcitrant C compounds, are pri-
marily carbon- (not nutrient-) limited and are thus
unable to respond to increases in ambient nutrients.
Therefore an increase in nutrients should accelerate
activity of microbes on leaf litter of high, more than
low, quality.

Tropical rainforest streams are ideal systems to
examine interactions between ambient nutrient con-
centrations and leaf quality. They are heterotrophic
and rely on leaf litter inputs as the carbon base of the
food web (Covich, 1988; Pringle, 2000). Leaves that
fall into tropical streams are chemically heterogene-
ous, because of the high diversity of tropical plants
and their tendency to be highly chemically defended
against herbivores (Coley & Aide, 1991). In a
literature review, Aerts (1997) demonstrated that
initial leaf chemistry explained more of the variation
in decomposition rates in tropical terrestrial systems
than in temperate or Mediterranean systems. This
suggests that, in the tropics, leaves are more
chemically diverse and their chemistry exerts a
stronger control over decomposition (Lavelle et al.,
1993; Aerts, 1997).

Here we examine how initial leaf quality (as
determined by concentrations of cellulose, lignin
and tannins) of riparian tree species interacts with
ambient P concentration to determine leaf break-
down in lowland streams of Costa Rica. We
measured both structural (lignin, cellulose and hem-
icellulose) and secondary (condensed tannins, hy-
drolysable tannins and total phenolics) compounds
in leaves. Secondary compounds were measured
because they have been reported to affect breakdown
rate in tropical streams (Stout, 1989; Campbell &
Fuchshuber, 1995). We hypothesised that P would
stimulate microbial and invertebrate processing on
high-quality leaves (i.e. low concentrations of struc-
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tural and secondary compounds) more than on low-
quality leaves.

Methods
Site description

La Selva Biological Station (10°26'N, 84°01'W), in the
lowlands of Costa Rica, is a 1536 ha reserve that is the
lowland terminus of the last intact forested biological
corridor on the Caribbean slope of Central America,
spanning altitudinal extremes from 35 to 2906 m a.s.L
La Selva receives 4000 mm of rain a year, with more
than 400 mm a month from May to December (Sanford
et al., 1994). Stream temperature is relatively constant
throughout the year (24-27 °C), with mean annual pH
values ranging from 4.5 to 6 (Ramirez, 2001).

Because of geothermally modified groundwater
inputs, streams at La Selva display a wide range of
variation in solute concentrations (Pringle & Triska,
1991; Pringle, 1991). Streams receiving geothermally
modified groundwater inputs contain high concen-
trations of cations (up to 18 mg Ca L™, 44 mgNa L™},
25 mg Mg L™"), anions (up to 28 mg CIL™", 13 mg
SO, L") and phosphorus (up to 350 pg soluble
reactive phosphorus (SRP) L™'; Pringle et al., 1993).
Nearby streams that do not receive geothermally
modified inputs have low solute concentrations
(«<2mg Cal™, <2mg NaL’', <Img MgL’,
<3mgCl L™, <2 mg SO, L™, <10 ug SRP L™"; Pringle
et al., 1993). Inorganic nitrogen concentrations are
relatively high (typically >70 pg NO, + NOs-N L™%;
Pringle, 1991) in both geothermal and non-geothermal
streams. In all of these streams, algal assemblages are
light-limited because of dense canopy cover (>90%),
resulting in detritus-based food webs (Pringle et al.,
1993; Rosemond et al., 2001).

Streams with varying ambient P concentrations and
experimental P-enrichment

Based on ongoing research at La Selva, we selected six
streams for a leaf breakdown experiment. Because of
varying geothermal inputs, five streams represent a
natural gradient in P concentrations (Pringle et al.,
1993; Ramirez, 2001). Three of the streams (Piper,
Taconazo and Saltito-100) have relatively low concen-
trations of dissolved phosphorus (P < 15 ug SRP L),
while the other two (Sura and Arboleda) have

naturally high concentrations (P >50 pg SRP L™).
To isolate the effect of phosphorus from other solutes,
we also incubated leaves in a solute-poor headwater
stream (Carapa) enriched with P, to a target concen-
tration of 200 pg SRP L.

We have been experimentally enriching the Carapa
(which does not receive geothermal inputs) with P
since July 1998, as part of a larger study examining the
effects of geothermally modified groundwater inputs
on ecosystem processes (Ramirez et al., 2003; Ramirez
& Pringle, 2006, C.M. Pringle, unpublished data).
Phosphoric acid has been added to increase P
concentrations from <10 pg to 200 pg SRP L™', which
is at the high end of P concentrations exhibited by
solute-rich streams (Pringle, 1991). A Mariotte (Car-
boy) bottle is used to add phosphoric acid continu-
ously, adjusting the concentration of acid and drip
rate according to stream discharge, the experimental
method having been described in more detail else-
where (Ramirez et al., 2003).

During the 3 month study period, water samples
from each site were taken every 10 days to be
analysed for NO5-N, NH4-N and SRP. Samples were
filtered (0.45 pm Millipore filters, Billerica, MA,
U.S.A)) and kept frozen until analysis at the Univer-
sity of Georgia. We recognise that freezing water
samples might be problematic for NHy-N, but logis-
tical constraints limit our ability to analyse samples
immediately at the field site. Phosphorus was meas-
ured as SRP using the molybdenum-blue technique.
Nitrate and NH,;-N were measured using the cad-
mium reduction and phenate methods respectively
[American Public Health Association (APHA), 1998].
Temperature, pH (both with a meter: Hanna Instru-
ments, Woonsocket, RI, U.S.A.) and flow velocity
(Marsh-McBirney meter; Marsh-McBirney, Frederick,
MA, US.A.) were also measured above leaf packs
when water samples were collected.

Initial leaf quality

In order to select three species representing a range of
leaf quality, we collected leaves from the eight most
common riparian species at La Selva during Decem-
ber 2001 and conducted chemical analyses. We
collected freshly fallen leaves from three different
individual trees growing on different soil types within
La Selva. Leaves were air-dried, ground and refriger-
ated until analysis. We estimated cellulose, hemicel-
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lulose and lignin by sequential neutral detergent/acid
detergent digestion on an Ankom A200 fibre analyser
(ANKOM Technologies, Macedon, NY, USA,;
Madritch & Hunter, 2002). Three separate analyses
were conducted for phenolics: condensed tannins,
hydrolysable tannins and total phenolics. For tannin
analysis, samples were extracted in 70% acetone with
1 mM ascorbic acid and evaporated under reduced
pressure to provide aqueous extracts. Condensed
tannins were estimated as proanthocyanidins (Rossit-
er, Schultz & Baldwin, 1988). Hydrolysable tannins
were estimated using a potassium-iodate technique
(Hunter et al., 2003). Total phenolics were estimated
with the Folin-Denis assay (Swain, 1979). To avoid
problems associated with using commercial stand-
ards, all samples were compared with standards
prepared from pooled litter samples (Appel et al.,
2001). Leaf total carbon and nitrogen content were
determined using a Carlo Erba NA 1500 CHN
Analyser (Carlo Erba, Milan, Italy).

Based on principal component analysis (PCA) of
secondary (tannins and phenolics) and structural
(hemicellulose, cellulose and lignin) compounds, we
selected three species that differed in the forms and
concentrations of organic C, but had similar nitrogen
content. The species selected were: Trema integerrima
(Beurl) Standl (family Ulmaceae; from now on
referred to as Trema), Castilla elastica Sessé ex Cerv.
(family Moraceae; from now on referred to as Castilla)
and Zygia longifolin (Humb. & Bonpl. Ex Willd.)
Britton & Rose (family Fabaceae; from now on
referred to as Zygia).

Leaf breakdown rate

We collected freshly fallen leaves from at least 10
different individual trees of each species; leaves were
air-dried for 3 days and stored in an air conditioned
room until use. We created 5-g leaf packs using plastic
(22 x 40 cm),
(5 x 5 mm) in order to allow access to stream fauna
(Benfield, 1996). Before placing leaves into bags, we
mixed leaves from different individual trees growing
on different soil types. We placed 21 leaf packs of each
species in each of six streams on 20 June 2002. Leaf
packs were anchored to the streambed using metal
stakes (Boulton & Boon, 1991).

We randomly collected three replicate leaf packs of
each species at each site on predetermined days (0, 1,

mesh bags with a coarse mesh
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4,7,11,16 and 21 for Trema; and 0, 4, 7, 18, 29, 44 and
80 for Castilla and Zygia). Day 0 samples were taken to
the sites and immediately returned to the laboratory
to control for handling losses (Benfield, 1996). On each
collection date we removed leaf packs from the stream
with a fine mesh net and placed them into separate
plastic bags. In the laboratory, leaves were rinsed over
a 300 um mesh sieve (to remove sediments and
insects), dried for a minimum of 24 h at 40 °C and
weighed. A 1-g sub-sample was ashed at 500 °C and
re-weighed to determine ash free dry mass (AFDM).
Day 0 leaf packs were used to estimate initial AFDM
and leaf quality as described above.

We examined invertebrate density and fungal
biomass on leaf packs approximately halfway through
the experiment (day 11 for Trema and day 44 for
Castilla and Zygia). Invertebrates were preserved in
10% formalin and later identified to the lowest
possible taxonomic level (genus in most orders, except
Diptera which were identified to family or subfamily).
Fungal biomass was estimated using ergosterol
(Suberkropp & Weyers, 1996). Immediately after
collection, 40 leaf disks were punched from randomly
selected leaves from each leaf pack. Thirty-five disks
were stored in methanol for ergosterol analysis, the
five remaining disks were dried for at least 24 h at
40 °C, weighed, ashed at 500 °C for 1h and re-
weighed to determine AFDM. Ergosterol was extrac-
ted from leaf disks in alkaline methanol by refluxing
for 30 min, partitioning into pentane, drying and re-
dissolving in methanol. Ergosterol concentration was
determined after separation from other lipids by high-
performance liquid chromatography (HPLC; Suber-
kropp & Weyers, 1996).

Microbial respiration was measured on four leaf
packs of each species at each of three sites: a low-P
stream (Saltito), a geothermally modified high-P
stream (Sura) and the P-enriched stream (Carapa).
Microbial respiration was measured in these three
streams using in situ re-circulating metabolism
chambers (Ramirez et al., 2003) on days 10-11 for
Trema and days 17-18 for Castilla and Zygia. Each
chamber was 12 x 15 cm in cross-section and was
equipped with a pump that produced a re-circula-
ting flow velocity of 24 cms™ throughout the
chamber. Chambers were filled with stream water,
anchored to the stream bottom to maintain water
temperature and covered with black plastic to
prevent photosynthesis.
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Leaf nutrient content during breakdown

In order to follow nutrient uptake and release during
breakdown, we measured leaf total carbon, nitrogen
and phosphorus content on four sampling dates. We
determined nutrient content of Trema leaves on days
0,1, 7 and, 16 and of Castilla and Zygia leaves, on days
0, 7,44 and 80. Total carbon and nitrogen content were
measured as described above. For phosphorus analy-
sis, ground leaf material was weighed into acid-
washed and pre-ashed ceramic crucibles, ashed at
500 °C, acid-digested (Aqua regia double acid, Jones,
Wolf & Mills, 1991) and analysed spectrophotome-
trically (ascorbic acid method, APHA, 1998).

Statistical analyses

Principal component analysis of initial litter chemistry
of the eight species was conducted with untrans-
formed data from three individual trees for each
species. Chemical parameters on day 0 of the three
species were compared using one way ANOVA and a
post hoc Tukey’s test on arcsine (x*) transformed data
to meet assumptions of normality. Breakdown rate, k,
was estimated by linear regression of natural log-
transformed percent AFDM remaining versus day
(exponential model; Benfield, 1996). Differences in k
were determined with analysis of
(aNncova) followed by Tukey’s test to compare
slopes. We also used ANCOVA to test for possible
effects of P and water flow velocity on breakdown rate
of all three species. Differences in respiration, fungal
biomass and macroinvertebrate density for each spe-
cies were assessed among sites using ANOVA of
natural log of (x + 1) transformed data. Nitrogen and
phosphorus immobilisation in leaves was estimated

covariance

Table 1 Physical and chemical characteristics of the study streams

by looking at the slopes of the regression of percent
AFDM remaining versus percent nutrient concentra-
tion (Melillo et al., 1984). All analyses were carried out
in JMP statistical software 4.0.4 (SAS Institute, Cary,
NC, US.A).

Results

Landscape variation in P concentration and
experimental P-enrichment

Stream chemical and physical characteristics varied
among sites (Table 1). Streams varied greatly in SRP
concentration, with Arboleda having the highest
mean (186 pg SRP L") and Taconazo the lowest
(10 pg SRP L~% Table 1). The experimental P-enrich-
ment of Carapa resulted in a mean SRP concentration
of 187 pg SRP L™". Flow velocity also varied among
sites, with Piper having two to three times higher
mean than other sites (Table 1). Temperature was
relatively constant among sites during the study
period (range 24-26 °C). Average pH ranged from
4.46 in the P-enriched stream to 6.12 in a geothermally
modified stream (Table 1). Variation in stream pH
during the period fell within the range observed in
streams at La Selva (Ramirez, 2001).

Initial leaf quality

Leaves collected from the eight tree species represen-
ted a wide range of chemical parameters (Table 2) and
PCA provided good separation of species (Fig. 1).
PCA axis 1 explained 56% of the variation and was
negatively correlated with condensed tannins, hydrol-
ysable tannins and total phenolics. PCA axis 2
explained 24% more of the variation and was posi-

Piper Taconazo

Saltito 100 Sura

Arboleda Carapa

0.22 (0.1-0.31)
26.5 (26.3-26.8)

0.07 (0.03-0.12)
26.7 (25.5-27.5)

Flow (m s7") (range)
Temperature (°C) (range)

0.13 (0.08-0.16)
26.5 (26.1-27)

0.14 (0.1-0.19)
26.3 (25.4-27)

0.13 (0.06-0.16)
26.6 (25.6-27.1)

0.12 (0.08-0.14)
26.5 (26.3-26.9)

pH (range) 491 (4.82-5.21) 5.02 (4.8-5.5) 5.14 (4.83-6.08)  5.86 (5.83-6.02)  6.12 (6.09-6.25) 4.46 (4.07-5.61)
Conductivity (uS) (range) 22.3 (22-23) 19.4 (17-21) 16.1 (15-17) 115.9 (105-126)  266.2 (241-300)  17.5 (14-22)
SRP (pg P L™ (range) 11 (9-14) 12 (10-21) 12 (9-19) 49 (35-74) 137 (127-159) 187 (10-289)
NOs-N (ug L™ (range) 163 (129-189) 125 (108-139) 158 (130-176) 186 (161-211) 165 (126-193) 168 (109-198)
NH4N (ug L ) (range) 1 (0-3) 2 (0-3) 3 (0-7) 2 (0-8) 11 (2-26) 3 (0-16)

N : P molar ratio 34 23 9 3 2

Data presented for Carapa (the P-enriched stream) is from 20 m downstream of the P addition. Numbers in parentheses are the range

observed during the study period.
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Table 2 Chemical parameters of eight common riparian species from La Selva Biological Station
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Condensed Hydrolysable Total

tannins tannins phenolics Hemicellulose Cellulose Lignin N P C

(%DM) (%DM) (%DM) (%DM) (%DM) (%DM) (%DM) (%DM) (%DM)
Breakdown experiment
Trema integerrima 0.97 a 292 a 1.15a 8.88 a 11.51 a 125a 135a 0.074a 34.09a
Castilla elastica 16.45 b 16.02 b 16.05 b 23.16 b 16.57 b 759b 207b 0.128b  40.67 b
Zygia longifolia 13.07 b 12.85b 11.79 b 19.55 b 21.74 c 21.36c 207D 0.071a 46.60 c
Initial survey
Trema integerrima 1.48 8.09 1.31 16.53 12.45 10.98 242 37.46
Castilla elastica 18.66 20.88 21.58 15.06 18.93 9.63 2.31 42.82
Zygia longifolia 13.49 18.69 12.65 10.95 21.71 25.35 2.16 45.35
Ficus insipida 0.40 6.71 0.74 13.05 17.74 11.76 1.35 34.08
Terminalia oblonga 3.17 34.64 26.42 10.23 17.11 6.7 2.00 40.11
Luehea seemanii 14.48 33.22 22.31 13.09 20.95 19.37 1.74 45.36
Simiira maxonii 0.59 9.86 3.35 13.91 23.40 14.31 2.31 42.77
Carapa nicaraguensis ~ 23.58 36.84 34.75 9.88 19.2 22.95 1.37 41.94

Leaves for the initial survey were collected in December of 2001. Leaves for the breakdown experiment were collected in April to June

of 2002. Lower case letters denote significant differences after ANOVA and post hoc Tukey (parameters with same letter are not

significantly different between species).

A Trema A Terminalia
® Castilla O Luehea
B Zygia v Simiira
O Ficus < Carapa
3
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o < °
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Fig. 1 Ordination of initial leaf chemical parameters for eight
common riparian species in La Selva Biological Station using
principal component analysis. Species selected for the break-
down experiment are in solid black.

tively correlated with lignin and cellulose (Fig. 1). We
observed differences in lignin and nitrogen content
between the initial leaf collection and the leaves used
in the breakdown study (Table 2).

Day 0 (initial) leaf chemical parameters differed
among the three species selected for the breakdown
experiment (Table 2). Castilla and Zygia had higher
concentrations of secondary compounds (condensed

tannins, hydrolysable tannins and total phenolics) than
Trema, but were not different from each other (con-
densed tannins F; 3, = 202.4, P < 0.0001; hydrolysable
tannins F,3 = 231.32, P < 0.0001; total phenolics
Fy36 = 47.67, P < 0.0001; Table 2). Zygia had higher
concentrations of lignin, cellulose and carbon than
Castilla and Trema (lignin F,3s = 110.57, P < 0.0001;
cellulose Fj36 = 104.64, P < 0.0001; carbon F,35 =
74.01, P < 0.001; Table 2). Trema had lower concentra-
tions of nitrogen than the other two species and Castilla
had higher concentrations of phosphorus than the
other two species (nitrogen F, 3, = 25.35, P < 0.001;
phosphorus F; 36 = 13.05, P < 0.001; Table 2).

Leaf breakdown rate

The three species decayed at different rates (Table 3;
Fig. 2), being fastest for Trema (k = 0.0401-0.1129
day_l), intermediate for Castilla (k = 0.0064—
0.021 day™") and slowest for Zygia (k = 0.0020-
0.008 day™'; Table 3). Both phosphorus and flow
velocity affected breakdown rate (ANCOVA phospho-
rus Fr9 = 17.43, P < 0.005; flow velocity F; o = 13.11,
P < 0.05). However, the effects of flow and P were
different among species (species x flow interaction,
F;9=9.70, P <0.05; species x P interaction, F;9 =
8.87, P < 0.05). Because of the high flow velocity at the
Piper site, we ran the model without the Piper data.
Without Piper, P was still a significant predictor of
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Table 3 Breakdown rate (k day™"' + 1 SE) of three species incu-
bated in six streams in La Selva Biological Station

Decay Days to 95%
rate (day™) s mass loss ANCOVA
Trema
Piper 0.129 £ 0.0166 0.75 232 a
Taconazo 0.0451 + 0.0047 0.82 66.4 b
Saltito100  0.0665 = 0.0083 0.76  45.0 b
Sura 0.0638 + 0.0107 0.67  47.0 b
Arboleda 0.109 + 0.0103 0.86 27.5 a
Carapa 0.117 = 0.011  0.83 25.6 a
Castilla
Piper 0.0119 + 0.0058 0.45 251.7 a
Taconazo 0.0064 + 0.0023 0.60 468.1 a
Saltito100  0.00991 + 0.0034 0.63  302.3 a
Sura 0.0087 + 0.0043 0.44 344.3 a
Arboleda  0.02144 + 0.0049 0.78 139.7 b
Carapa 0.01256 + 0.0053 0.55 238.5 a
Zygia
Piper 0.003612 = 0.0014 0.62  829.4 a
Taconazo 0.002085 + 0.001  0.51 1436.8 b
Saltito100 0.005691 = 0.001  0.89  526.4 a
Sura 0.005901 + 0.0012 0.87 507.7 a
Arboleda 0.006755 + 0.0016 0.82  443.5 ac
Carapa 0.008003 = 0.0018 0.82 374.3 c

Sites are in order of increasing P concentration. Letters denote
significant differences using ANcova. All P-values for the
regression lines were <0.05.

leaf breakdown rates but flow velocity was not
(F17, =26.83, P <0.05 F;; =1.13, P = 0.33; respect-
ively).

Microbial respiration on Trema leaves was higher in
the P-enriched stream, when compared both to a
stream naturally high in P (Sura) and a low-P stream
(Saltito; F,o = 14.06, P < 0.05; Fig. 3). Microbial res-
piration on Castilla was significantly higher both in the
P-enriched stream and in a naturally high P-stream
compared with a low-P stream (F;9 = 9.12, P < 0.05;
Fig. 3). There was no difference in microbial respir-
ation across these three sites on Zygia leaves (Fy9 =
0.30, P = 0.3; Fig. 3).

Ergosterol concentration on Trema leaves was high-
er in Arboleda (naturally high-P stream) and in the
enriched stream than the other streams lower in P
(F5,12 = 7.99, P < 0.05; Fig. 4). There was no difference
in ergosterol among sites for Castilla or Zygia (F51, =
0.66, P =0.65; Fs1, =128, P =0.33; respectively;
Fig. 4). Invertebrate density on Trema on day 11 was
higher at Arboleda and at the enriched stream, than at
sites with lower P, for both chironomids and non-
chironomids (Fs1, = 18.96, P > 0.001; Fs1» =7.33,

P < 0.05, respectively; Fig. 5a,b). Chironomid density
on Castilla was higher at the enriched and a naturally
high-P stream (Arboleda) than at any of the other
stream sites (F51, = 11.12, P < 0.005; Fig. 5a). Non-
chironomids on Castilla were also higher in density in
the experimentally enriched stream than at any of the
other sites (F5 1, = 5.44, P < 0.05; Fig. 5b). Chironomid
density on Zygia did not differ among sites (Fig. 5a).
However, there was a higher density of non-chirono-
mids on Zygia in Arboleda than at other stream sites
(F5,12 = 6.90, P < 0.003; Fig. 5b).

Leaf nutrient content

The nitrogen content of Trema leaves increased
slightly over the first three sampling dates and then
declined (Fig. 6a). Castilla showed an overall decline
in N content over time (Fig. 6b). The N content of
Zygia remained fairly constant throughout the incu-
bation period (Fig. 6¢). There was no clear trend in the
relationship between percent AFDM remaining and
leaf N content during breakdown for any of the three
species (Table 4). Phosphorus content of Trema in-
creased over time in two naturally high-P streams
(Fig. 6d). In Castilla there was a period of initial
leaching of leaf P, followed by an increase in leaf P
content in three sites with relatively high P concen-
tration (Fig. 6e). Zygia P content declined slightly by
day 7, but then increased only at the stream with the
highest natural P concentration (Arboleda).

Discussion

This is the first study done in situ to support the
hypothesis that high concentrations of recalcitrant C
compounds in leaves, can mediate how microbes and
invertebrates respond to nutrient loading. Several
lines of evidence support our initial hypothesis that
leaf quality determines how microbes and insects
respond to high ambient P levels in stream water. The
magnitude of the stimulation of fungal biomass and
chironomid density in streams with higher ambient P
levels was higher in Trema leaves, than in Castilla or
Zygia (Table 5). Microbial respiration was stimulated
in the stream enriched with P on Trema and Castilla,
but not on Zygia leaves (Fig. 3). Trema leaves also
exhibited an increase in leaf P content throughout the
breakdown process, suggesting P immobilisation
(Table 4; Melillo et al., 1984). In contrast, P immobili-
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removed, however, our results do suggest that P had a

stronger effect on the breakdown rate of Trema than of
Castilla or Zygia (Table 5).
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Fig. 4 Mean ergosterol concentration (+1 SE) on leaves of three
riparian trees incubated in six streams in La Selva Biological
Station. Samples were collected on day 11 for Trema and day 44
for Castilla and Zygia. Sites are arranged in order of increasing
SRP. Letters denote significant differences within species using
ANOVA and post hoc Tukey. There were no significant differ-
ences in Castilla or Zygia.
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lected on day 11 for Trema and day 44 for Castilla and Zygia.

Our results are consistent with the hypothesis that
leaf quality mediates the effects of high P on microbial
processing. We are currently conducting experiments
using artificial substrates of varying chemical quality
as a direct test of this hypothesis (M. Ardén, unpub-
lished data). As we selected our three species to
represent extremes of quality from eight common
riparian species, we believe our results are an accurate
representation of how leaves of different quality
respond to high P.

Leaf breakdown rates observed in this study ranged
from very fast (Trema leaves on average lost 95% of
their mass in 39.1 days) to slow (Zygia leaves lost 95%
of their mass in 686.3 days). The fast breakdown of
Trema leaves agrees with previous reports of rapid
decay in tropical streams (Stout, 1989; Irons ef al.,
1994; Benstead, 1996; Rosemond, Pringle & Ramirez,
1998). Our results show that leaves from some tropical
species are broken down at rates similar to those of

low-quality leaves in temperate streams: average
breakdown rate observed for Zygia (average k =
0.005 day ') is comparable to the average breakdown
rate reported for Rhododendron (low quality species) in
North Carolina streams (average k = 0.0046 day ',
656 days to 95% mass loss; Greenwood, 2004). In
temperate systems it has been shown that a high
diversity of detrital resources can increase diversity of
consumers (Moore et al., 2004). Accordingly, the
availability of very fast and slow decomposing species
in tropical streams might play a similarly important,
although still unexplored, role in determining energy
transfer and ultimately the evolution of invertebrate
consumers.

Which aspects of leaf quality mediate the effect of
nutrients on breakdown rate?

Our results suggest that initial concentrations of
cellulose, lignin and total carbon were more important
than secondary compounds (condensed tannins,
hydrolysable tannins and total phenolics) in deter-
mining the response of leaf breakdown to high
ambient P concentration. We observed significant
effects of P on microbial respiration, fungal biomass
and chironomid density on Trema leaves. When we
removed the site with high flow velocity (Piper), we
observed a stronger P stimulation of breakdown rate
on Trema (which had lower concentrations of lignin,
cellulose and total carbon), than on Castilla or Zygia
leaves (Tables 2 & 5). Despite Zygia having slightly
lower concentrations of secondary compounds, Zygia
decayed much more slowly than Castilla and both
species responded similarly to high ambient P. This
suggests that leaf secondary compounds do not
mediate the effect of P on breakdown rate.

Because of the longer evolutionary history between
plants and herbivores, tropical species have a higher
diversity and concentration of secondary compounds
than many temperate species (Coley & Aide, 1991). As
secondary compounds affect the decomposition rate
of leaves in terrestrial systems (Palm & Sanchez, 1990;
Hattenschwiler & Vitousek, 2000), we were surprised
to find they did not affect decomposition rate in our
study streams. Our results contrast with predictions
made by other researchers. For example, based on a
review of the literature, Stout (1989) proposed that a
high concentration of secondary compounds (con-
densed tannins) can slow down decomposition rates
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Fig. 6 Leaf nutrient content during breakdown of three species of leaves incubated in six streams in La Selva Biological Station.
Percent nitrogen in: (a) Trema, (b) Castilla and (c) Zygia over time. Percent phosphorus in: (d)Trema, (e) Castilla and (f) Zygia over time.

Note the different scale on the X axis for (a) & (d) Trema.

in tropical streams. More recently, it has been
suggested that high concentrations of secondary
compounds are crucial in determining decomposition

in tropical streams (Wantzen et al., 2002).

The importance of the concentration of recalcitrant
C compounds, specifically lignin, in determining
effects of nutrient enrichment has been shown in
other systems. In a stream microcosm study, Melillo
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Table 4 Slopes and correlation coefficients of the inverse linear
function relating mass remaining and percent nitrogen and
phosphorus in the remaining material in three species of com-
mon riparian trees in six streams

wetland, Bridgham & Richardson (2003) hypothesised
that low quality (lignin >30%) was the main reason
why they did not observe stimulation of decomposi-
tion rates in response to soil nutrient enrichment.

%N %P In contrast, two recent studies have reported that
Slope 2 Slope 2 nutrient enrichment has a greater effect on microbial
activity and decomposition rate of wood (high lignin)
Trema integerrima c . .
Piper 4544 0.2 2362 0.66 than leaves (low lignin; Stelzer et al., 2003; .Guhs et. al.,
Taconazo 66.81 0.68 —651.44 0.84 2004) Stelzer et [ll. (2003) found that nutrient enrlch-
Saltito -28.29 0.25 -2333.86 0.82 ment increased microbial respiration on wood more
Sura 27.19 0.16 -362.76 0.23 than on leaves. Similarly, Gulis et al. (2004) reported
Arboleda 24.76 0.05 —418.52 0.94 . . . . .
Carapa 25.11 0.08 730,05 0.81 .that enhanced nutrients led to higher microbial activ-
Castilla elastica ity and faster breakdown rates of wood veneers and
Piper -29.3 0.15 -585.2 0.15 sticks than of leaves. Differences in the magnitude of
Taconazo 22.27 0.75 160.12 0.8 response to nutrient enrichment between leaves and
Saltito 27.32 0.34 149.89 0.06 wood might be related to the lower nutrient content of
Sura 9.94 0.08 -93.2 0.0485 . . .
Arboleda 275 0.0013 ~226.2 042 wood compared with leaves and to differences in the
Carapa 27.25 0.42 404.39 0.3 physical structure of these two substrates. Further
Zygia longifolia studies are needed in which C availability and nutrient
Piper —41.63 0.031 604.72 0.62 content of substrates, as well as ambient nutrient
Taconazo 38.3 0.39 234.13 0.16 . . .
Saltito _44.68 0.22 _37135 0.064 concentration, are manipulated independently.
Sura —51.66 0.14 1117.19 051 Our study shows that PCA can be a valuable
Arboleda 90.1 0.44 —262.87 0.61 statistical technique to evaluate simultaneously struc-
Carapa 1176.76 0.92 146.75 0.02

Bold indicates P < 0.05.

et al. (1984) reported that breakdown of alder wood
(Alnus rugosa) (Du Roi.) Spreng (low lignin concen-
tration 13.1% dry weight, DW) was stimulated by P
enrichment, while breakdown of spruce wood (Picea
mariana (P. Mill.); high lignin concentration 24.6%
DW) was not. In terrestrial systems in Hawaii, Hobbie
(2000) reported greater increases in decomposition of
leaves with low lignin concentrations (<12%) in
response to N enrichment, than leaves with high
lignin concentrations (=18%). In a North Carolina

tural (cellulose, hemicellulose and lignin) and secon-
dary compounds (condensed tannins, hydrolysable
tannins and total phenolics) for the selection of species
for breakdown experiments. The use of PCA provided
a comprehensive measure of leaf quality for our initial
selection of species. PCA has been used to examine
factors affecting decomposition rates in terrestrial and
wetland ecosystems (Bridgham, Updegraff & Pastor,
1998; Vervaet et al., 2002), but it has not been used in
decomposition studies in streams. We suggest that
future studies, which examine effects of leaf chemical
parameters should use PCA to evaluate the import-
ance of various chemical parameters.

Table 5 Relative response (slope) of breakdown rates, ergosterol, chironomid and non-chironomid density to increasing stream water
P concentration in leaves of Trema, Castilla and Zygia. The regressions are run with and without the Piper site, which had higher flow
velocity than other sites. Numbers in parentheses are the r*-values of the regressions.

Trema

Castilla

Zygia

Dependent variable w Piper

w/o Piper

w Piper

w/o Piper

w Piper

w/o Piper

Breakdown rates 0.000295 (0.25)

0.000378 (0.91)

0.0000423 (0.37)

0.0000493 (0.44)

0.0000231 (0.66)

0.000022 (0.61)

Ergosterol 2.29 (0.91) 2.27 (0.90) -0.017 (0.01) 0.0049 (0.01) -0.13 (0.05) -0.18 (0.03)
Chironomid density 0.21 (0.79) 0.21 (0.79) 0.15 (0.71) 0.15 (0.67) 0.0026 (0.01) 0.0033 (0.13)
Non-chironomid density 0.11 (0.59) 0.12 (0.59) 0.074 (0.60) 0.08 (0.61) 0.035 (0.26) 0.0035 (0.25)

Bold numbers indicate P < 0.05.
w, with; w/o, without.
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Does leaf quality also affect the response of leaf nutrient
content to high P in stream water?

We found evidence that initial concentrations of
cellulose and lignin affect changes in the nutrient
content of leaves during the breakdown process in
response to high ambient P. The strong relationships
between AFDM remaining and leaf P content ob-
served for Trema leaves suggests that microbes on
high quality leaves will take up more P at high-P sites
(Table 4). Trema and Zygia had a similar initial
concentration of P. Microbes on Trema leaves immo-
bilised P at sites with relatively high P, while Zygia
leaves increased in P content only at one high-P site
(Fig. 6d,e). Previous studies in terrestrial systems
have reported that leaf quality can mediate changes
in nutrient content in decomposing leaves in response
to nutrient enrichment. For example, Hobbie (2000)
found that leaves with lower concentrations of lignin
had higher rates of nitrogen uptake in response to N
addition. Similarly, Bridgham & Richardson (2003)
found higher P immobilisation, in response to P-
addition, in species of leaves with a lower initial
concentration of lignin. Here we demonstrate that the
same can occur for leaves in tropical streams.

In our study, C to nutrient ratios in leaves did not
predict leaf breakdown rate or the response of break-
down rate to high P in water. Stoichiometric ratios
(C:N, C:P and N : P) have been shown to predict
breakdown rate and the response of microbes to
nutrient enrichment in previous studies (Webster &
Benfield, 1986; Enriquez et al., 1993; Qualls & Richard-
son, 2000; Stelzer et al., 2003). C : N ratios would have
incorrectly predicted that Trema (C : N molar ratio 29.4)
and Zygia (C : N molar ratio 26.3) would decay at
similar rates. In contrast, Trema decayed much faster
than Zygia. Similarly, C : Pand N : Pratios would have
incorrectly predicted that microbes on Zygia (C:P
1692.4, N:P 70.5), which had the highest C : P and
N : P ratios, would have responded more strongly
than Trema (C:P 118793, N : P 44.1) or Castilla
(C:P 819.33, N : P 39), to high P. The poor predic-
tive power of leaf stoichiometry supports our hypo-
thesis that variation in the concentrations of recalcitrant
forms of C among the three species was the main factor
determining the response of microbial and insect
processing to high ambient P concentration.

Differences in leaf chemistry we observed between
the initial collection and the leaves used in the

Effects of leaf quality and water P on leaf breakdown 629

breakdown experiment were probably because of
seasonal changes in leaf chemistry (Table 2). Leaves
for the initial chemical analyses were collected during
the rainy season, while those used in the breakdown
study were collected in the dry season. Changes in
leaf litter chemistry in La Selva forests have been
linked to precipitation (Wood, Lawrence & Clark,
2005).

What are the biotic mechanisms driving effects of high P
concentration on leaf breakdown?

We examined microbial respiration, fungal biomass
and invertebrate density to determine possible me-
chanisms driving differences in leaf breakdown. Our
results must be interpreted conservatively, as we only
sampled biotic components in each species once
during the incubation period. However, results
suggest that microbes and insects play different roles
in leaf breakdown in the three species. Stimulation of
breakdown of high-quality Trema in high-P streams
was mostly reflected by changes increases in ergoster-
ol and microbial respiration (Figs 3 & 4). Ergosterol
concentration in Trema was similar to that reported
previously for Ficus insipida Willd. in La Selva streams
(Rosemond et al.,, 2002). The high microbial respir-
ation on Trema (225 mg O, g AFDM™' h™") in the
P-enriched stream illustrates that microbes play an
important role in the breakdown of this species.
Microbial respiration on Trema was also similar to
respiration rates previously reported for F. insipida,
while respiration rates on Castilla and Zygia were
similar to the lower respiration rates on naturally
accumulated mixed leaves reported for La Selva
(Ramirez et al., 2003).

For Zygia, we found an increase in leaf breakdown
rate and in density of invertebrates other than chir-
onomids with increasing P concentration in the water
(Table 2; Fig. 5b). This suggests that the breakdown of
low-quality leaves might be driven more by inverteb-
rate consumers than by microbes. The importance of
invertebrates in the breakdown of poor quality species
has been shown in temperate systems, where inver-
tebrate removal affected the breakdown rate of Rho-
dodendron (low-quality) more than that of red maple
(high-quality) (Chung, Wallace & Grubaugh, 1993).
Invertebrate densities reported here were 2-50 g™
AFDM of leaf, which is relatively low compared with
those reported from some temperate streams
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(2-111 g™' DM Sedell, Triska & Triska, 1975; 6-30 g~"
DM, Short, Canton & Ward, 1980). Our densities were
similar to those reported in a previous study in La
Selva (10-50 invertebrates g_1 AFDM; Ramirez &
Pringle, 2004). Like other studies in lowland tropical
streams, we found very few insect shredders, and
collector-gatherers were the most abundant func-
tional-feeding group (Walker, 1987; Pringle & Rami-
rez, 1998; Rosemond et al., 1998). Chironomids, many
of which are classified as collector-gatherers, may play
an important role in the breakdown process because
of their leaf-mining behaviour (Rosemond et al., 1998).

Our overall results are consistent with the hypo-
thesis that a high concentration of recalcitrant forms of
C in leaves mediates the effect of high-P in stream
water on fungal biomass, microbial respiration and
invertebrate density. Future studies of the effect of
ambient nutrient concentration on organic matter
processing should consider C availability, in addition
to nutrient content of the leaf substrate. In contrast to
predictions made by other researchers regarding the
key role of plant secondary compounds in mediating
leaf breakdown rates in tropical streams, our study
suggests that leaf secondary compounds did not affect
breakdown. Moreover, the concentrations of cellulose
and lignin were better predictors than leaf carbon to
nutrient ratios of the effect of high ambient P
concentration on microbial processing.

In conclusion, lowland tropical streams have a
chemically diverse detrital resource base, where leaf
quality has the potential to play a key role in
mediating effects of eutrophication on leaf break-
down. This has important implications, given the
increasing extent and magnitude of anthropogenic
nutrient loading in tropical ecosystems (Mattson et al.,
1999; Pringle, 2000).

Acknowledgments

We thank M. Hidalgo and K. Maynard for help in the
field, M.D. Hunter for aid in leaf chemical analyses,
S. Herbert for assistance with ergosterol analysis, O.
Vargas for botanical help and T. Maddox for water
chemistry analyses. A. Ramirez, A.D. Rosemond, R.
Bixby and the Pringle lab group provided guidance
and helpful comments on earlier versions of this
manuscript. A. Hildrew and two anonymous review-
ers provided suggestions, which greatly improved the
manuscript. We thank the staff at La Selva Biological

Station and OTS for logistical support. This research
was supported by NSF DEB-0075339 to C.M. Pringle
and F.J. Triska; an OTS Graduate Fellowship, a Sigma
Xi GIAR and NSF 0434503 to M. Ardén.

References

Abelho M. (2001) From litterfall to breakdown in streams:
a review. Scientific World Journal, 1, 656-658.

Aber ].D. & Melillo M.M. (2001) Terrestrial Ecosystems,
2nd edn. Academic Press, San Diego, CA.

Aerts R. (1997) Climate, leaf litter chemistry and leaf litter
decomposition in terrestrial ecosystems: a triangular
relationship. Oikos, 79, 439—449.

American Public Health Association (APHA) (1998)
Standard Methods for the Examination of Water and
Wastewater, 20th edn. American Public Health Associ-
ation, Washington, DC, U.S.A.

Appel HM., Governor H.L., D’Ascenzo M., Siska E. &
Schultz J.C. (2001) Limitations of foliar phenolics in
ecological studies. Journal of Chemical Ecology, 27, 761-
778.

Benfield E.F. (1996) Leaf breakdown in stream ecosys-
tems. In: Methods in Stream Ecology (Eds F.R. Hauer &
G.A. Lamberti), pp. 579-589. Academic Press, San
Diego, CA.

Benstead ]J.P. (1996) Macroinvertebrates and the process-
ing of leaf litter in a tropical stream. Biotropica, 28, 367—
375.

Boulton A.J. & Boon P.I. (1991) A review of methodology
used to measure leaf litter decomposition in lotic
environments: time to turn over an old leaf? Australian
Journal of Marine and Freshwater Research, 42, 1-43.

Bridgham S.D. & Richardson C.J. (2003) Endogenous
versus exogenous nutrient control over decomposition
and mineralization in North Carolina peatlands.
Biogeochemistry, 65, 151-178.

Bridgham S.D., Updegraff K. & Pastor J. (1998) Carbon,
nitrogen, and phosphorus mineralization in northern
wetlands. Ecology, 79, 1545-1561.

Campbell 1.C. & Fuchshuber L. (1995) Polyphenols,
condensed tannins, and processing rates of tropical
and temperate leaves in an Australian stream. Journal
of the North American Benthological Society, 14, 174—
182.

Chung K., Wallace J.B. & Grubaugh J.W. (1993) The
impact of insecticide treatment on abundance, biomass
and production of litterbag fauna in a headwater
stream: a study of pre-treatment, treatment and
recovery. Limnologica, 28, 93-106.

Coley P.D. & Aide M. (1991) A comparison of herbivory
and plant defenses in temperate and tropical broad-

© 2006 The Authors, Journal compilation © 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 618-633



leaved forests. In: Plant-Animal Interactions: Evolution-
ary Ecology in Tropical and Temperate Regions (Eds P.W.
Price, Lewinsohn T.M., Fernandez G.W. & Benson
W.W)), pp. 25-49. John Wiley and Sons, Inc., West
Sussex, England.

Covich A.P. (1988) Geographical and historical compar-
isons of Neotropical streams: Biotic diversity and
detrital processing in highly variable habitats. Journal
of the North American Benthological Society, 7, 361-368.

Elwood J., Newbold J.D., Trimble A.F. & Stark R.W. (1981)
The limiting role of phosphorus in a woodland stream
ecosystem: effects of P enrichment on leaf decomposi-
tion and primary producers. Ecology, 62, 146-158.

Enriquez S., Duarte C.M. & Sand-Jensen K. (1993)
Patterns in decomposition rates among photosynthetic
organisms: the importance of detritus C:N:P content.
Oecologia, 94, 457-471.

Grattan R.M. & Suberkropp K. (2001) Effects of nutrient
enrichment on yellow poplar leaf decomposition and
fungal activity in streams. Journal of the North American
Benthological Society, 20, 33—43.

Greenwood J. (2004) The response of autotrophic and
heterotrophic resources to a long-term nutrient enrich-
ment in an Appalachian headwater stream. Doctoral
Dissertation, University of Georgia, Athens, Georgia.

Gulis V. & Suberkropp K. (2003) Leaf litter decomposi-
tion and microbial activity in nutrient-enriched and
unaltered reaches of a headwater stream. Freshwater
Biology, 48, 123-134.

Gulis V., Rosemond A.D., Suberkropp K., Weyers H.S.
& Benstead J.P. (2004) Effects of nutrient enrichment
on the decomposition of wood and associated
microbial activity in streams. Freshwater Biology, 49,
1437-1447.

Hattenschwiler S. & Vitousek P.M. (2000) The role of
polyphenols in terrestrial ecosystem nutrient cycling.
Trends in Ecology and Evolution, 15, 238-243.

Hobbie S.E. (2000) Interactions between litter lignin and
soil nitrogen availability during leaf litter decomposi-
tion in a Hawaiian Montane Forest. Ecosystems, 3, 484—
494.

Howarth RW. & Fisher S.G. (1976) Carbon, nitrogen and
phosphorus dynamics during leaf decay in nutrient-
enriched stream microecosystems. Freshwater Biology,
6, 221-228.

Hunter M.D., AdlS., Pringle C.M. & Coleman D.C. (2003)
Relative effects of macroinvertebrates and habitat on
chemistry of litter during decomposition. Pedobiologia,
47, 101-115.

Irons J.G. III.,, Oswood M.W., Stout R.J. & Pringle C.M.
(1994) Latitudinal patterns in leaf litter breakdown: is
temperature really important? Freshwater Biology, 32,
401-411.

Effects of leaf quality and water P on leaf breakdown 631

Jones ].B. Jr., Wolf B. & Mills H.A. (1991) Plant Analysis
Handbook 1 Methods of Plant Analysis and Interpretation,
pp- 195-196. Micro-Macro Publishing, Inc., Athens,
GA.

Lavelle P., Blanchart E., Martin A., Martin S., Spain A.,
Toutain F., Barois I. & Schaefer R. (1993) A hierarchical
model for decomposition in terrestrial ecosystems:
application to soils of the humid tropics. Biotropica, 25,
130-150.

Madritch M.D. & Hunter M.D. (2002) Phenotypic
diversity influences ecosystem functioning in an oak
sandhills community. Ecology, 83, 2084-2090.

Mattson P.M., McDowell W.H.,, Townsend A.R. &
Vitousek P.M. (1999) The globalization of N deposi-
tion: ecosystem consequences in tropical environ-
ments. Biogeochemistry, 46, 67-83.

Melillo J.M., Naiman R.J., Aber J.D. & Eshleman K.N.
(1983) The influence of substrate quality and stream
size on wood decomposition dynamics. Oecologia, 58,
281-285.

Melillo J.M., Naiman R.J., Aber ].D. & Linkins A.E. (1984)
Factors controlling mass loss and nitrogen dynamics in
northern streams. Bulletin of Marine Sciences, 35, 341-356.

Meyer J.L. & Johnson C. (1983) The influence of elevated
nitrate concentration on rate of leaf decomposition in a
stream. Freshwater Biology, 13, 177-183.

Moore ].C., Berlow E.L., Coleman D.C. et al. (2004)
Detritus, trophic dynamics and biodiversity. Ecology
Letters, 7, 584—660.

Newbold ].D., Elwood J.W., Schulze M.S., Stark RW. &
Barmier J.C. (1983) Continuous ammonium enrich-
ment of a woodland stream: uptake kinetics, leaf
decomposition and nitrification. Freshwater Biology, 13,
193-204.

Palm C.A. & Sanchez P.A. (1990) Decomposition and
nutrient release patterns of three species of tropical
legumes. Biotropica, 22, 330-338.

Pearson R.G. & Connolly N.M. (2000) Nutrient en-
hancement, food quality and community dynamics
in a tropical rainforest stream. Freshwater Biology, 43,
31-42.

Peterson B., Deegan L., Helfrich J. et al. (1993) Biological
responses of a tundra river to fertilization. Ecology, 74,
653-672.

Pringle C.M. (1991) Geothermal waters surface at La
Selva Biological Station, Costa Rica: Volcanic processes
introduce chemical discontinuities into lowland trop-
ical streams. Biotropica, 23, 523-529.

Pringle C.M. (2000) River conservation in tropical versus
temperate latitudes. In: Global Perspectives on River
Conservation: Science, Policy and Practice (Eds P.J. Boon,
B.R. Davies & G.E. Petts), pp. 367-378. John Wiley and
Sons Ltd., West Sussex, England.

© 2006 The Authors, Journal compilation © 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 618-633



632 M. Ardon et al.

Pringle C.M. & Ramirez A. (1998) Use of both benthic
and drift sampling techniques to assess tropical stream
invertebrate communities along an altitudinal gradi-
ent, Costa Rica. Freshwater Biology, 39, 359-374.

Pringle CM. & Triska F.J. (1991) Effects of geothermal
waters on nutrient dynamics of a lowland Costa Rican
stream. Ecology, 72, 951-965.

Pringle C.M., Rowe G.L., Triska F.J., Fernandez J.F. &
West J. (1993) Landscape linkages between geothermal
activity, solute composition and ecological response in
streams draining Costa Rica’s Atlantic slope. Limnology
and Oceanography, 38, 753-774.

Qualls RG. & Richardson C.J. (2000) Phosphorus
enrichment affects litter decomposition, immobiliza-
tion, and soil microbial phosphorus in wetland
mesocosms. Soil Sciences Society of America Journal, 64,
799-808.

Ramirez A. (2001) Control of benthic assemblages in
detritus-based tropical streams. Doctoral Dissertation,
University of Georgia, Athens, Georgia.

Ramirez A. & Pringle C.M. (2004) Do macroconsumers
affect insect responses to a natural phosphorus
gradient? Hydrobiologia, 515, 235-246.

Ramirez A. & Pringle C.M. (2006) Fast growth and
turnover of chironomid assemblages in response to
stream phosphorus levels in a tropical lowland land-
scape. Limnology and Oceanography, 51, 189-196.

Ramirez A., Pringle C.M. & Molina L. (2003) Effects of
stream phosphorus levels on microbial respiration.
Freshwater Biology, 48, 1-10.

Robinson C.T. & Gessner M.O. (2000) Nutrient addition
accelerates leaf breakdown in an alpine springbrook.
Oecologia, 122, 258-263.

Rosemond A.D., Pringle CM. & Ramirez A. (1998)
Macroconsumer effects on insect detritivores and
detritus processing in a tropical stream. Freshwater
Biology, 39, 515-523.

Rosemond A.D., Pringle C.M., Ramirez A. & Paul M.].
(2001) A test of top-down and bottom-up control in a
detritus-based food web. Ecology, 82, 2279-2293.

Rosemond A.D., Pringle C.M., Ramirez A., Paul MJ. &
Meyer J. (2002) Landscape variation in phosphorus
concentration and effect on detritus-based tropical
streams. Limnology and Oceanography, 47, 278-289.

Rossiter M.C., Schultz J.C. & Baldwin L.T. (1988) Relation-
ship among defoliation, red oak phenolics, and gypsy
moth growth and reproduction. Ecology, 69, 267-277.

Royer T.V. & Minshall G.W. (2001) Effects of nutrient
enrichment and leaf quality on the breakdown of
leaves in a hardwater stream. Freshwater Biology, 46,
603-610.

Sanford R.L., Paaby P., Luvall J.C. & Phillips E. (1994)
Climate, geomorphology, and aquatic systems. In: La

Selva: Ecology and Natural History of a Neotropical
Rainforest (Eds L.A. McDade, K.S. Bawa, H.A. Hespen-
hedie & G.S. Hartshorn), pp. 19-33. University of
Chicago Press, Chicago, IL.

Sedell ].R., Triska F.J. & Triska N.S. (1975) The processing
of conifer and hardwood leaves in coniferous forest
streams. 1. Weight loss and associated invertebrates.
Verhandlungen der Internationale Vereiniqung fiir Theore-
tische und Angewandte Limnologie, 19, 1617-1627.

Short R.A., Canton S.P. & Ward ]J.V. (1980) Detrital
processing and associated macroinvertebrates in a
Colorado mountain stream. Ecology, 61, 727-732.

Sinsabaugh R.L., Antibus R.K., Linkins A.E., McClaugh-
erty C.A., Rayburn L., Repert D. & Weiland T. 1993.
Wood decomoposition: nitrogen and phosphorus
dynamics in relation to extracellular enzyme activity.
Ecology, 74, 1586-1593.

Stelzer R.S., Heffernan J. & Likens G.E. (2003) The
influence of dissolved nutrients and particulate organ-
ic matter quality on microbial respiration and biomass
in a forest stream. Freshwater Biology, 48, 1925-1937.

Stout R.J. (1989) Effects of condensed tannins on leaf
processing in mid-latitude and tropical streams: a
theoretical approach. Canadian Journal of Fisheries and
Aquatic Sciences, 46, 1097-1106.

Suberkropp K. & Chauvet E. (1995) Regulation of leaf
breakdown by fungi in streams: influences of water
chemistry. Ecology, 76, 1433-1445.

Suberkropp K. & Weyers H. (1996) Application of fungal
and bacterial production methodologies to decompos-
ing leaves in streams. Applied and Environmental
Microbiology, 62, 1610-1615.

Swain T. (1979) The importance of flavonoids and related
compounds in fern taxonomy and ecology. Bulletin of
the Torrey Botanical Club, 107, 113-153.

Tank J.L. & Webster J.R. (1998) Interaction of substrate
and nutrient availability on wood biofilm processes in
stream. Ecology, 79, 2168-2179.

Triska F.J. & Sedell J.R. (1976) Decomposition of four
species of leaf litter in response to nitrate manipula-
tion. Ecology, 57, 783-792.

Vervaet H., Massart B., Boecker P., Van Cleemput O. &
Hoffman G. (2002) Use of principal component
analysis to assess factors controlling net N mineraliza-
tion in deciduous and coniferous forest soils. Biology
and Fertility of Soils, 36, 93-101.

Walker 1. (1987) The biology of streams as part of
Amazonian forest ecology. Experentia, 43, 279-287.

Wallace J.B., Eggert S.L., Meyer ]J.L. & Webster J.R. (1999)
Effects of resource limitation on a detrital-based
ecosystem. Ecological Monographs, 69, 409-442.

Wantzen K.M., Wagner R., Suetfeld R. & Junk W.]. (2002)
How do plant-herbivore interactions of trees influence

© 2006 The Authors, Journal compilation © 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 618-633



Effects of leaf quality and water P on leaf breakdown 633

coarse detritus processing by shredders in aquatic Wood T.E., Lawrence D. & Clark D.A. (2005) Variation in
ecosystems of different latitudes? Verhandlungen der leaf litter nutrients of a Costa Rican rain forest is
Internationale Vereinigung fiir Theoretische und Ange- related to precipitation. Biogeochemistry, 73, 417-437.
wandte Limnologie, 28, 815-821.

Webster J.R. & Benfield E.F. (1986) Vascular plant (Manuscript accepted 9 December 2005)
breakdown in freshwater ecosystems. Annual Review
of Ecology and Systematics, 17, 567-594.

© 2006 The Authors, Journal compilation © 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 618-633



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



