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Leaf-litter inputs from an invasive nitrogen-fixing tree influence
organic-matter dynamics and nitrogen inputs in a Hawaiian river
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Nicole Cormier1,7, AND Ayron M. Strauch3,8
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3 Department of Natural Resources and Environmental Management, University of Hawaii at Manoa,
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Abstract. We examined how invasion of tropical riparian forests by an exotic N-fixing tree (Falcataria
moluccana) affects organic-matter dynamics in a Hawaiian river by comparing early stages of leaf-litter
breakdown between the exotic F. moluccana and native Metrosideros polymorpha trees. We examined early
decomposition stages because of low leaf-litter retention rates (,20 d) that result from the flashy nature of
tropical Pacific Island streams. Leaf breakdown rates, fungal biomass, and invertebrate abundances were
40, 120, and 30% greater, respectively, for F. moluccana than M. polymorpha leaves. Leaf-litter breakdown
was largely a result of stream flow and to a lesser extent fungal colonization. Invertebrates were not an
important factor in leaf-litter breakdown. Initial tannin content, leaf C:N, and toughness were important
intrinsic factors inhibiting leaf breakdown and fungal colonization. Regression analyses between
remaining N content (%) and ash-free dry mass of leaf litter revealed that the early stages of F. moluccana
leaf-litter breakdown are a source of N to streams invaded by F. moluccana and contribute a conservatively
estimated 2.1 to 5.7% to the available total dissolved N pool. Direct input of F. moluccana leaf litter
influences early stages of leaf-litter breakdown in tropical streams with low leaf-litter retention rates. Direct
input of leaf litter also contributes somewhat to N inputs, but subsurface flows through N-rich soils of F.
moluccana-invaded riparian forests probably are a greater source.

Key words: nitrogen fixing, invasive species, Falcataria moluccana, leaf litter decomposition, tropical
stream.

Riparian forests are a major source of nutrients and
organic matter that shape community structure,
foodweb dynamics, and productivity of lotic ecosys-
tems (Vannote et al. 1980, Webster and Benfield 1986,
Wallace et al. 1997). Invasion by exotic plants can
significantly alter energy inputs from riparian forests
to riverine faunal assemblages. For example, shifts
from native to exotic leaf-litter inputs can significantly
alter microbial, fungal, and invertebrate communities

that colonize leaves, leaf-litter breakdown rates, and
the higher trophic levels supported by allochthonous
resources (Royer et al. 1999, Thompson and Town-
send 2003). Invasion of riparian forests by N-fixing
trees can alter nutrient dynamics of forested ecosys-
tems through increased N inputs and decomposition
of N-rich organic matter within ecosystems (Vitousek
et al. 1987, Hughes and Uowolo 2006). Increased N
inputs have been reported from streams draining
stands of native N-fixing alder (Alnus rubra Bong)
(Compton et al. 2003, Shaftel et al. 2011), exotic N-
fixing Russian olive (Elaeagnus angustifolia) (Mineau
et al. 2011), and exotic N-fixing albizia trees (Falcataria
moluccana) (Atwood et al. 2010, Wiegner et al., in
press). However, it is unclear how increased N inputs
from exotic N-fixing trees coupled with increased
inputs of N-rich, high-food-quality leaf litter will
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affect ecological functions, such as leaf-litter decom-
position, in temperate or tropical streams.

Albizia (Falcataria moluccana Barnaby & Grimes) is
an exotic N-fixing tree that is rapidly invading native
Pacific Island watersheds (e.g., Hawaii, American
Samoa). It was first introduced to Hawaii from New
Guinea in the 1900s (Nelson 1965, Wagner et al. 1999)
and has since invaded native lowland forests across
Hawaii (Asner et al. 2008). It is considered a major
threat to Hawaiian biodiversity because it can alter
stand structure (Hughes and Denslow 2005), shift
faunal communities (Allison et al. 2006), and create
habitat for other invasive plants (Hughes and Den-
slow 2005). Falcataria moluccana also can alter nutrient
cycles of native ecosystems via inputs of N-rich
leaves, which significantly increase N concentrations
in soils (Hughes and Denslow 2005, Hughes and
Uowolo 2006) and stream water of invaded water-
sheds (Atwood et al. 2010, Wiegner et al., in press).
Enrichment of stream water is hypothesized to be the
result of subsurface flows through N-saturated soils
in F. moluccana-invaded forests or of direct inputs of
N-rich leaf litter to streams.

Increased nutrient loads and N-rich leaf-litter
inputs to streams from invasive N-fixing trees could
increase the nutritional value of leaf litter in Pacific
Island streams by stimulating microbial colonization
of those leaves (Graça et al. 2001, Sampaio et al. 2001,
Gulis and Suberkropp 2003). Microbially conditioned
leaves could then provide an alternative food source
to stream fauna that do not commonly feed on leaf
litter (e.g., atyid shrimp, snails), increasing leaf-litter
breakdown in Pacific Island streams that lack classic
leaf-shredding organisms (e.g., stoneflies) (Resh and
deSzalay 1995, Benstead et al. 2009). This shift could
increase the importance of allochthonous inputs in
Pacific Island streams largely supported by autoch-
thonous material (Larned et al. 2008) and alter stream
organic-matter dynamics and invertebrate communi-
ty composition. Nutrients released to the water
column from leaf-litter breakdown also could increase
nutrient loads to streams, rivers, and nearshore
waters.

We documented how invasion of riparian forests by
N-fixing trees would affect organic-matter cycling in
tropical streams by conducting a series of short-term
leaf-litter-breakdown experiments in the Wailuku
River on the Island of Hawaii, Hawaii, USA. We
focused on the early stages of leaf-litter decomposi-
tion because of low leaf-litter-retention rates (,20 d)
that result from the flashy nature of these ecosystems
(Larned 2000). During the wet and dry seasons of 2006
and 2007, we deployed leaf-litter packs and litter bags
containing leaves from either F. moluccana or the

native Metrosideros polymorpha (Gaudichaud) in a
forested and an urban reach of the Wailuku River.
We compared leaf-litter-breakdown rates, fungal
biomass, and invertebrate abundances between
leaf-litter species, reaches, and types of leaf-litter
pack, and among seasons. We hypothesized that: 1)
leaf-litter nutrients and structural differences would
result in higher breakdown rates for F. moluccana vs
M. polymorpha leaves, 2) differences in leaf-litter
nutrients would result in a greater role for inverte-
brates in leaf-litter breakdown of F. moluccana vs M.
polymorpha leaves, and 3) elevated nutrient levels in
streams from development or invasive species would
increase leaf-litter breakdown of both species.

Methods

Study site

We selected 2 study reaches in the upper forested
and lower urban areas of the Wailuku River on the
island of Hawaii, Hawaii, USA. The forested reach
was a 10-m-long, 3rd-order river reach (lat
19.709716uN, long 2155.160951uW) at an elevation
of 670 m asl (Fig. 1). The riparian forest was
dominated by native koa (Acacia koa Gray), M.
polymorpha, and uluhe fern (Dicranopteris linearis
Burm). The forested reach had a 598-km2 drainage
basin with 48% forest, 20% grassland, and 32%

barren area. The urban reach was a 10-m-long, 4th-
order river reach (lat 19.752964uN, long 2155.0938uW)
at an elevation of 16.7 m asl. The urban reach was
,7.0 km downstream of the forested reach. The
riparian forest of the urban reach was dominated by
exotic clidemia (Clidemia hirta Linnaeus), strawberry
guava (P. cattleianum), rose apple (Syzygium jambos
Linnaeus), and F. moluccana. The urban reach had a
659-km2 drainage basin with ,50% forest, ,21%

grassland, ,29% barren land, ,1% agricultural land,
and ,1% urban area. Both forested and urban
reaches flowed through bedrock and boulder sub-
strate. We randomly selected 6 stations from a 10-
point grid laid over a map of the reaches. We
pounded 1 rebar into the river substrate at each
station and attached a 3-m-long chain to the rebar.
We attached leaf-litter packs and litter bags to the
chains. We conducted 3 short-term leaf-litter-break-
down experiments from: 1) February through April
2006 (2006 wet season), 2) June through July 2006
(2006 dry season), and 3) November through Decem-
ber 2006 (2007 wet season). We conducted a longer-
term follow-up leaf-litter-breakdown experiment
from June 2011 through March 2012. This study
encompassed both wet and dry seasons (2011).
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Water-quality variables

We estimated mean, minimum, and maximum
discharge values (m3/s) from the Piihonua gage (US
Geological Survey [USGS] station 16704000), which
was ,100 m downstream of the forested reach. River
discharge measurements were not available for the
urban reach. We averaged stream discharge values
over the duration of each experiment. Because of a
major storm in the 2006 wet season, discharge values
are from the first 3 wk of the experiment only. Data
are available at http://nwis.waterdata.usgs.gov/
nwis/sw.

We measured dissolved O2 (%), temperature, and
specific conductance of the surface water of the
forested and urban reaches with a handheld YSITM

85 probe (Yellow Springs Instruments, Yellow
Springs, Ohio). In the 3rd experiment (2007 wet
season), we also made river depth and flow velocity
measurements. We measured river depth with a
meter stick and river velocities with a USGS pygmy
flow meter (Rickly Hydrological Co., Columbus,
Ohio). We made measurements once a week during
each experiment. We estimated depth and velocity
values for the forested reach in the 2006 wet and dry
seasons from ratios of depth and velocity measured in
the forested reach in the 2007 wet season. We used the
same approach to estimate depth and velocity values

for the urban reach but with data from the urban
reach.

We collected water samples at the beginning of the
2006 wet and dry seasons during baseflow conditions
as part of another project that ended in the 2006 dry
season. We did not collect water samples during the
2007 wet season. We filtered water samples through
glass-fiber filters and stored them frozen until
analysis for nutrients. We analyzed filtered samples
for NO2

2 and NO3
2 (SNO3, detection limit [DL] =

0.1 mM; USEPA 1983), NH4
+ (DL = 1.0 mM; Fishman

1993), and soluble reactive P (SRP; DL = 0.1 mM;
USEPA 1983) with a Technicon AutoAnalyzer II
(Pulse Instrumentation, Saskatoon, Canada).

Leaf-litter decomposition

We collected senescent F. moluccana and M. poly-
morpha leaf litter 1 mo before each experiment by
placing leaf-litter traps under F. moluccana or M.
polymorpha trees adjacent to the Wailuku River. We
air-dried the leaf litter in the laboratory for 1 wk. We
used ,2.5 g of leaves to create each leaf-litter pack or
litter bag. We used leaf-litter packs and litter bags to
assess the importance of invertebrates in leaf-litter
breakdown (invertebrates could access leaves in litter
packs but not in litter bags). We constructed leaf-litter
packs by stringing F. moluccana or M. polymorpha

FIG. 1. Map of study site showing the lower urban (labeled A) and upper forested (labeled B) reaches and the 3 main land
covers (urban, forest, agriculture).
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leaves onto an 80-cm-long nylon thread. We re-
weighed the litter packs prior to deployment. We
constructed 10 3 10-cm litter bags from 3-mm nylon
mesh. We cable tied 1 leaf-litter pack and 1 litter bag
of either F. moluccana or M. polymorpha to the inside of
an 8.5-cm-diameter tubular wire cage. We constructed
cages of 1-cm-mesh, plastic-coated hardware cloth
and left them open on both ends. We used the cages to
secure the leaf-litter packs during the extreme floods
that can occur in the Wailuku River. Cages also
provided habitat for any invertebrates that might feed
on the leaf litter. We acknowledge the artifacts created
by this treatment design (i.e., artificial habitat for
potential detritivores), but we thought it suitable to
test our hypotheses because F. moluccana and M.
polymorpha leaf-litter packs and litter bags were
treated the same in the forested and urban river
reaches and in all 3 sampling seasons.

For each short-term experiment, we constructed 35
F. moluccana and 35 M. polymorpha tubular cages, each
with a leaf-litter pack and a litter bag (n = 70). We
deployed 15 cages of each species in each reach. We
cable-tied 5 F. moluccana cages or 5 M. polymorpha
cages to chains at randomly selected stations, and we
oriented cages so that the lengths and, thus, the tube
openings were perpendicular to river flow. We
returned the remaining 10 cages (5 F. moluccana and
5 M. polymorpha) to the laboratory where we used
them to calculate initial dry mass for the deployed
cages. We removed leaves from the leaf-litter packs
and litter bags, oven-dried them at 60uC to a constant
mass, and weighed them to the nearest 0.01 g.

We analyzed leaf-litter subsamples for total C and
N with a CostechTM model elemental analyzer
(Costech Analytical Technologies, Valencia, Califor-
nia). We quantified structural and secondary com-
pounds in leaves with sequential C analysis. We
sequentially separated samples into nonpolar, water
soluble, and acid-soluble (i.e., cellulose) fractions,
with the remaining residue representing lignin or
lignin-based material (McClaugherty 1985, Ryan
1990). We estimated tannin from the water-soluble
fraction with the Follin–Denis method (Allen et al.
1974) and cellulose content from the acid-soluble
fraction with a phenol–sulfuric acid assay (Dubois et
al. 1956). We calculated fractions on an ash-free dry
mass (AFDM) basis and expressed them as % initial
litter mass (Ryan 1990). We measured leaf toughness
from subsamples with a penetrometer with a 0.79-mm
punch. We placed a beaker on the top of the punch
and filled it with water until the punch broke through
a veinless area of the leaf (Pearson and Connolly
2000). We combusted the remaining leaves in the
samples at 550uC for 4 h and calculated AFDM. The

initial AFDM of the deployed cages was equal to the
product of the initial fresh leaf-litter mass of the
deployed cages and the fresh leaf-litter mass:AFDM
ratio calculated from the 10 cages returned to the
laboratory.

We removed leaf cages from the river once a week
over a 5-wk period during each season. The 5-wk
duration was based on results of previous leaf-litter
studies done in the region (Archer 1983, Benstead
1996, Larned 2000) and was necessary because of the
short retention time of leaf litter in these flashy
systems (Larned 2000). We randomly selected 1 cage
for removal from each of the 6 forested and urban
reach stations. We enclosed leaf cages in plastic bags
before removing them from the river, placed them on
ice, and returned them to the laboratory where they
were disassembled. We removed leaves from the leaf-
litter packs and litter bags and gently washed them
over a 500-mm-mesh sieve with tap water to remove
any invertebrates, algae, or sediments. We dried the
leaf litter to a constant mass at 60uC, weighed it to the
nearest 0.01 g, subsampled for total N and C analyses,
and combusted the remainder at 550uC for 4 h to
calculate AFDM. We calculated % AFDM remaining
by dividing the ending AFDM of each leaf pack by the
initial AFDM. We ln(x)-transformed % AFDM re-
maining and plotted it as a function of time for each
station. We fit the data with a linear regression, and
estimated leaf-litter decay coefficients (k) from the
slope of the regression (Benfield 1996). We averaged k
values for each leaf-litter type across stations in each
reach.

For the longer-term experiment, we weighed 5.0 g
of F. moluccana and M. polymorpha leaves, placed them
in litter bags, and deployed them in the forested
reach. We used only litter bags in the forested reach
because decomposition rates did not differ between
litter bags and leaf-litter packs or between the forested
and urban reach (see Results). We removed leaf-litter
packs on days 3, 7, 14, 46, 72, 116, and 259 and
processed them as described above.

Fungal biomass

We extracted ergosterol from a subsample of leaf
litter from the litter bags to estimate fungal biomass
(Gessner and Chauvet 1993, Gessner and Schmitt
1996) on day 0 and during weeks 1, 3, and 5 of each
short-term experiment. We used whole F. moluccana
leaves because of their small size (,1 cm), but we took
subsamples of M. polymorpha leaves with a 6-mm-
diameter leaf punch. We froze, lyophilized, and
weighed the leaf subsamples and extracted ergosterol
from the leaf litter with the techniques described by
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Gessner and Schmitt (1996). We converted ergosterol
mass to fungal biomass with a conversion factor of
5.5 mg ergosterol/g fungal biomass (Gessner and
Newell 2002) and averaged values across stations in
each reach.

Invertebrate abundance

We sorted invertebrates from leaf-litter packs and
litter bags and identified them to family (Merritt and
Cummins 1996). We estimated invertebrate abun-
dance by summing the total number of invertebrates
per litter bag or leaf pack and dividing by the
remaining AFDM of leaf litter from the litter bag or
leaf pack on each date.

Contribution of leaf-litter N to the water column

We plotted %N remaining in leaf litter from each F.
moluccana and M. polymorpha short-term leaf-litter pack
against %AFDM remaining for that leaf-litter pack for
all 3 seasons to examine changes in leaf-litter N. We ran
linear regressions in Sigma Plot (version 8.0; SYSTAT
Software Inc., San Jose, California). We estimated the
change in %N relative to the change in total leaf
biomass, and thus time, from the slope of the line (Aber
and Melillo 1980, 1982). Positive slopes indicated N
immobilization from the water column, whereas nega-
tive slopes indicated N release to the water column.

We estimated the potential % contribution of F.
moluccana leaf-litter breakdown to the total N budget
of a heavily invaded stream (Ainaloa Stream)
(Wiegner et al. in press) with a series of calculations as

Nrem=(SSFmol)(%Nleaf)r

where Nrem is the amount of N remineralized (mg/
m2) from F. moluccana leaf-litter breakdown, SSFmol is
the standing stock of F. moluccana leaf litter (mg/m2),
%Nleaf is %N content of F. moluccana leaf litter, and
r is the %N released. We estimated SSFmol from
randomly collected, 30 3 30-cm Surber samples from
Ainaloa Stream. We sorted all F. moluccana leaf litter
from samples, dried it to constant mass, weighed it,
and divided by the area of the Surber sampler (0.04 m2).
The flux of total dissolved N (TDN) above a 1.0-m2 area
of stream (mg/m2) at any instant (WTDN) was

WTDN=(TDNH2O)h

where TDNH2O was the average water-column TDN
concentration (mg/m3) from an F. moluccana-invaded
reach of the Ainaloa stream (Wiegner et al. in press)
and h was the average water depth (cm). The %

contribution of N released from F. moluccana break-

down to the overall N budget of the invaded Ainaloa
stream (%NFmol) was

%NFmol=Nrem=WTDN:

Statistical analysis

We compared dissolved O2, temperature, and
specific conductance between reaches (urban vs
forested) and among seasons (2006 wet season, 2006
dry season, 2007 wet season) with a 2-way analysis of
variance (ANOVA). We compared initial chemical and
structural components of leaf litter between leaf species
(F. moluccana vs M. polymorpha) with a 1-way ANOVA.
For short-term experiments, we compared ln(x)-trans-
formed leaf-litter decay coefficients from each station
between leaf species, reaches, and treatments (leaf-
litter packs vs litter bags), and among seasons with a 4-
way factorial ANOVA. Fixed effects included leaf
species, reach, treatment, and season and all 2-, 3-, and
4-way interactions. For the longer-term experiment, we
compared ln(x)-transformed leaf-litter decay coeffi-
cients between leaf species with a 1-way ANOVA.

Initial examination of fungal biomass over time
between the 2 leaf species revealed that peak fungal
biomass occurred at different times for the 2 species.
Furthermore, patterns of fungal biomass over time
were not consistently linear or quadratic, and there-
fore, regression analyses could not be used to calculate
fungal colonization rates and compare fungal biomass
over time. Instead, we used Functional Data Analysis
(FDA) to examine how fungal biomass on leaf litter
changed over time. FDA represents time series of
various data sets as functions and conducts analyses on
the functions rather than on the data (Ramsey and
Silverman 2005). FDA integrated fungal biomass over
time for each leaf type at each reach and each season.
Functions were run from the starting time point (day 0)
to the day of maximum fungal biomass in Sigma Plot.
Patterns in invertebrate abundances over time were
neither linear nor quadratic. Thus, functions of
invertebrate abundance over time were calculated in
a way similar to the approach taken for fungal biomass
over time, with the exception that the area under the
plot was determined over the entire study period. We
compared fungal biomass and invertebrate abundance
from each station between leaf species, reaches, and
treatments (invertebrate abundance only), and among
seasons using 3- and 4-way ANOVAs, respectively.

We used Pearson’s product–moment correlation
analysis to identify relationships among leaf-litter
breakdown rates, invertebrate abundances, physico-
chemical variables, and intrinsic qualities of leaf litter
in leaf-litter packs and litter bags. We included fungal

1040 R. A. MACKENZIE ET AL. [Volume 32



biomass values in tests done on data from litter bags
because they were measured only from litter bags. We
used mean and maximum discharge values from the
forested reach for the urban reach because discharge
values were not available for the urban reach and
because reach did not affect % remaining AFDM, leaf-
litter decay coefficients, or fungal biomass.

We ran post hoc analyses on seasonal comparisons
with the Tukey–Kramer method. We ran all ANOVAs
with PROC MIXED (SAS, version 9.1; SAS Institute,
Cary, North Carolina), whereas we ran correlations in
SYSTAT (version 10; Systat Software, Inc., San Jose,
California). We set a = 0.05 for all analyses.

Results

Environmental variables

River velocities were higher and water depths were
shallower in the forested than in the urban reach
(Table 1). Dissolved O2 (F1,25 = 10.95, p , 0.001),
temperature (F1,25 = 66.9, p , 0.001), and specific
conductance (F1,25 = 52.61, p , 0.001) were all lower
in the forested than the urban reach (Table 1).
Nutrient (SNO3, NH4

+, and SRP) concentrations did
not differ between the forested and urban reaches
except in the 2006 wet season when SNO3

2 values
were higher in the urban (2.4 mM) than in the forested
reach (0.8 mM; Table 1). NH4

+ and SRP were generally
below detection limits.

Mean, minimum, and maximum discharge values
were available only from the Piihonua gaging station
100 m downstream of the forested reach. Mean and
minimum discharge values decreased over time such
that 2006 wet season . 2006 dry season . 2007 wet

season. Maximum discharge was greater in the wet
seasons than the dry season, and water temperatures
were significantly greater in the dry season than in the
wet seasons (F2,25 = 32.09, p , 0.001). Dissolved O2

was similar among seasons.

Leaf-litter chemistry

Initial cellulose and lignin levels were higher in F.
moluccana than in M. polymorpha leaves (F1,10 = 5.80,
p , 0.05; F1,10 = 67.44, p , 0.001; respectively)
(Table 2). Initial N content was 33 higher in F.
moluccana leaves than in M. polymorpha leaves (F1,10

= 4840.20, p , 0.001). Initial tannin content was 53

greater in M. polymorpha than in F. moluccana leaves
(F1,10 = 253.10, p , 0.001). Metrosideros polymorpha
leaves also had higher C:N (F1,10 = 558.70, p , 0.001),

TABLE 1. Mean (61 SE) values for environmental variables measured at the upper forested and lower urban reaches of the
Wailuku River, Hawaii, USA. Dissolved O2 (DO), temperature (Temp), and specific conductance (SpC) were compared between
reaches and among seasons with 2-way analysis of variance. Q = discharge, min = minimum, max = maximum, SNO3 = NO2

2 +
NO3

2, SRP = soluble reactive P. Asterisks denote significant differences between reaches: * p , 0.05, ** p , 0.01, *** p , 0.001).
Means with the same superscript after asterisks are not significantly different among seasons.

Variable

2006 wet season 2006 dry season 2007 wet season

Forested Urban Forested Urban Forested Urban

Q (m3/s) 2.1 6 0.3 – 1.7 6 0.1 – 1.2 6 0.3 –
Qmin (m3/s) 1.0 – 0.8 – 0.5 –
Qmax (m3/s) 7.3 – 4.3 – 9.7 –
Depth (cm) 31.8 70.4 27.9 65.8 19.7 6 1.8 46.6 6 6.9
Velocity (cm/s) 76.0 3.0 61.6 2.5 43.4 6 6.6 1.8 6 1.4
DO (% saturation) 89.4 6 1.7 91.7 6 1.1*** 87.9 6 4.59 103.5 6 2.6*** 93.5 6 2.4 97.8 6 2.5***
Temperature (uC) 19.5 6 0.4 21.7 6 0.5***a 20.1 6 0.4 22.7 6 0.4***b 16.9 6 0.4 19.7 6 0.5***c

SpC (mS/cm) 32.7 6 1.7 74.2 6 8.6***b 34.3 6 1.0 68.4 6 9.1***a 33.4 6 1.3 46.7 6 3.0***a

SNO3 (mM) 0.8 2.4 0.6 0.6 – –
NH4

+ (mM) ,1.0 ,1.0 ,1.0 ,1.0 – –
SRP (mM) ,0.1 ,0.1 ,0.1 ,0.1 – –

TABLE 2. Mean (61 SE; n = 6) initial values of chemical
and physical characteristics of Falcataria moluccana and
Metrosideros polymorpha leaf litter collected from riparian
forests along the Wailuku River, Hawaii, USA. Values were
compared between species with 1-way analysis of variance.
Asterisks denote significant differences between leaf
species: * p , 0.05, ** p , 0.01, *** p , 0.001.

Characteristic F. moluccana M. polymorpha

%C 43.01 6 0.17 45.34 6 0.13***

%N 1.48 6 0.01 0.48 6 0.01***

C:N 29.05 6 0.13 94.73 6 2.78***

Cellulose (%) 38.33 6 0.87 34.89 6 1.08*

Tannins (%) 3.88 6 0.69 20.79 6 0.81***

Lignin (%) 38.84 6 2.15 19.89 6 0.83***

Lignin:N 26.21 6 1.38 41.58 6 2.27***

Toughness (mg) 74.48 6 9.08 184.17 6 18.58***
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lignin:N (F1,10 = 33.5, p , 0.001), and leaf toughness
(F1,15 = 33.90, p , 0.001) than F. moluccana leaves.

Leaf-litter breakdown

A 30-d storm strongly increased river discharge
over a prolonged period after week 3 of the 2006 wet-
season sampling period. Remaining leaf-litter packs
and litter bags were either missing or severely
damaged. As a result, leaf-litter decomposition rates
for the 2006 wet season could be measured only from
leaf packs and litter bags collected from weeks 1
through 3. Analysis of data from the 2006 dry and
2007 wet seasons showed no differences in leaf-litter
k-values calculated with and without data for weeks 4
and 5. Therefore, we used the full 2006 dry- and 2007

wet-season data sets and the partial 2006 wet-season
data set in subsequent analyses.

Leaf-litter k-values averaged across years, reaches,
and treatments from the short-term experiments were
nearly 23 greater for F. moluccana than for M.
polymorpha (F1,47 = 27.99, p , 0.001; Fig. 2A–C).
Average k-values also differed among seasons (F2,47

= 45.44, p , 0.001). k-values were greater in the 2006
and 2007 wet seasons than in the 2006 dry season for
both species (season 3 leaf, F2,47 = 5.28, p , 0.01). The
interaction between season and leaf also revealed that
F. moluccana generally broke down faster than M.
polymorpha in all seasons, but the difference was
significant only in the 2006 wet season (Fig. 2A). Leaf-
litter k-values were similar between reaches and
between litter bags and leaf-litter packs. In the long-
term experiment, leaf-litter k-values were 20% higher
for F. moluccana (0.0050 6 0.0001/d) than for M.
polymorpha (0.0042 6 0.0001/d) (F1,4 = 31.14, p ,

0.001).
In leaf-litter packs, k-values were positively corre-

lated with leaf lignin content (r = 0.42, p , 0.01, n =

36), mean discharge (r = 0.46, p , 0.01, n = 36), and
maximum discharge (r = 0.54, p , 0.001, n = 36), and
negatively correlated with C:N (r = 20.49, p , 0.01, n
= 36), leaf toughness (r = 20.43, p , 0.01, n = 36),
and initial leaf tannin content (r = 20.48, p , 0.01, n =

36) (Table 3). In litter bags, k-values were positively
correlated to initial leaf cellulose content (r = 0.33, p ,

0.05, n = 36), leaf lignin content (r = 0.32, p , 0.05, n
= 36), and maximum discharge (r = 0.32, p , 0.05, n
= 36) and negatively correlated to initial leaf tannin
content (r = 20.35, p , 0.05, n = 36). Fungal biomass
was positively correlated to initial leaf cellulose
content (r = 0.41, p , 0.05, n = 36), invertebrate
abundance (r = 0.34, p , 0.05, n = 36), and lignin
content (r = 0.80, p , 0.001, n = 36) and negatively
correlated to C:N (r = 20.84, p , 0.001, n = 36), initial
leaf toughness (r = 20.75, p , 0.001, n = 36), and
initial leaf tannin content (r = 20.82, p , 0.001, n =

36). Invertebrate abundance was negatively correlated
to dissolved O2 (r = 20.51, p , 0.001, n = 36) and
mean river discharge (r = 20.30, p = 0.07, n = 36).

Fungal biomass

Initial fungal biomass was greater on F. moluccana
than on M. polymorpha leaves (Fig. 3A–C). Fungal
biomass on F. moluccana leaves peaked after the 1st or
2nd sampling event and then declined. Fungal
biomass on M. polymorpha leaves increased linearly
over time. Fungal biomass was greater on F. moluccana
than on M. polymorpha leaves by the end of 2006 wet-
season experiment (Fig. 3A), but was similar between

FIG. 2. Mean (+1 SE) breakdown rates (k; d21) from
Falcataria moluccana and Metrosideros polymorpha leaf-litter
packs and litter bags in short-term experiments in the 2006
wet season (A), 2006 dry season (B), and 2007 wet season (C)
in the Wailuku River, Hawaii, USA.
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the 2 leaf species by the end of the other experiments
(Fig. 3B, C).

Mean (SE) fungal biomass was .120% higher on F.
moluccana leaf litter (1.82 6 0.07 mg/g leaf) than on M.
polymorpha litter (0.82 6 0.08 mg/g leaf) (F1,24 =

170.26, p , 0.001; Table 4). Fungal biomass did not
differ among seasons, but the leaf species 3 season
interaction was significant (F2,24 = 7.41, p , 0.01).
Fungal colonization rates were greater on M. poly-
morpha leaves in the 2006 dry season than in the wet
seasons. Fungal biomass tended to be higher on F.
moluccana leaves during the wet seasons, but this
trend was not significant. The leaf species 3 season 3

reach interaction also was significant (F2,24 = 3.65, p ,

0.05). Fungal biomass was greater on F. moluccana
than on M. polymorpha leaves in both reaches and all
seasons except in the urban reach in the 2006 dry
season, when fungal biomass tended to be greater on
F. moluccana than M. polymorpha leaves, but this trend
was not significant.

Invertebrate abundance

Invertebrate abundance was greater on F. moluccana
(27.4 6 4.2 individuals [ind]/g leaf) than M. poly-
morpha leaves (19.0 6 3.0 ind/g leaf) (F1,48 = 33.78, p
, 0.001), was greater in the forested (27.8 6 4.0 ind/g
leaf) than in the urban reach (18.6 6 3.3 ind/g leaf)
(F1,48 = 105.39, p , 0.001), and was greater in the 2007
wet season (29.3 6 4.0 ind/g leaf) and 2006 dry season
(27.5 6 5.0 ind/g leaf) than in the wet season (12.8 6

TABLE 3. Pearson’s correlation coefficients for litter-breakdown rates of Falcataria moluccana and Metrosideros polymorpha, fungal
biomass, and invertebrate abundance in leaf-litter packs and litter bags, and environmental variables in the Wailuku River,
Hawaii 2006–2007. DO = dissolved O2, Q = mean discharge, Qmax = maximum discharge, ind = individuals, AFDM = ash-free
dry mass.

Variable Factor r p

Leaf-litter-pack-breakdown rate (/d) C:N 20.49 ,0.01
% lignin 0.42 ,0.01
Leaf toughness (mg) 20.43 ,0.01
% tannins 20.48 ,0.01
Q (m3/s) 0.46 ,0.01
Qmax (m3/s) 0.54 ,0.001

Litter bag breakdown rate (/d) % cellulose 0.33 ,0.05
% lignin 0.32 ,0.05
% tannins 20.35 ,0.05
Qmax 0.32 ,0.05

Fungal biomass (mg/g leaf AFDM remaining) % cellulose 0.41 ,0.05
C:N 20.84 ,0.001
Invertebrate abundance 0.34 ,0.05
% lignin 0.80 ,0.001
Leaf toughness 20.75 ,0.001
% tannins 20.82 ,0.001

Invertebrate abundance (ind/g leaf AFDM remaining) %DO 20.51 ,0.001
Q 20.30 0.07

FIG. 3. Mean (61 SE) fungal biomass values plotted over
time from Falcataria moluccana and Metrosideros polymorpha
leaf litter in short-term experiments in the 2006 wet season
(A), 2006 dry season (B), and 2007 wet season (C) in the
Wailuku River, Hawaii, USA. Week 5 values from the 2006
wet season are missing because of a major storm that
happened after week 3.
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3.8 ind/g leaf) (F2,48 = 154.52, p , 0.001). The season
3 reach 3 leaf species interaction was significant
(F2,48 = 7.08, p , 0.01). All main-effect differences
were driven by differences in the urban reach in the
2006 wet season (Fig. 4A–F). Mean daily invertebrate
abundance was greater on leaf packs (40.0 6 3.8 ind/g
leaf) than on litter bags (8.5 6 1.0 ind/g leaf) (F1,48 =

343.53, p , 0.001) in all seasons (season 3 treatment,
F2,48 = 6.51, p , 0.01; Fig. 4A–F).

N mineralization

We calculated N mineralization from full data sets
in the 2006 dry and 2007 wet seasons and the partial
data set in the 2006 wet season, and we pooled data
from both reaches for each season. Percent N content
remaining of F. moluccana leaves decreased as %

AFDM remaining decreased in each season (Fig. 5A–
C). For every 1% of F. moluccana AFDM decomposed,
0.4 to 1.1% of the N content of F. moluccana leaves was
released into the Wailuku River. The N released to the
water column during breakdown of F. moluccana was
20.7 to 56.9% of the water-column TDN (55.4 6

2.6 mg/m2) (Fig. 6). These estimates were based on
standing stocks of F. moluccana that had accumulated
in depositional areas of the Ainaloa Stream. Assuming
that depositional areas constituted only 10% of the
reach (RAM, unpublished data), a more accurate
estimate of TDN contribution from F. moluccana
breakdown at any instant in time would be 2.1 to
5.7%. Percent N content of M. polymorpha leaves

increased as % AFDM decreased during the 2006 wet
and dry seasons, but not in the 2007 wet season. For
every 1% of M. polymorpha AFDM decomposed, N
content of M. polymorpha leaf litter increased by 1 to 10%.

Discussion

Replacement of native riparian forests by exotic
species can shift the intrinsic quality of leaf-litter
inputs to adjacent rivers, thereby altering riverine-
community structure and function. Invasion of
riparian forests by exotic N-fixing species is expected
to have even greater effects on nutrient and organic-
matter inputs, but few investigators have examined
this hypothesis in tropical regions. Breakdown was
significantly faster for exotic F. moluccana than native
M. polymorpha leaf litter in short- and long-term
experiments. These results support our 1st hypothesis
that the higher N content in F. moluccana leaf litter
would lead to greater breakdown rates than M.
polymorpha, but mechanical fragmentation by river
discharge strongly affected litter fragmentation. The
similarity of leaf-litter breakdown rates in leaf-litter
packs and litter bags did not support our 2nd

hypothesis. High N content of F. moluccana leaves,
and thus high food quality, did not provide an
alternative food resource for nondetritivorous inver-
tebrates. Last, leaf-litter breakdown rates were similar
in the urban and forested reaches, a result we
attribute to similar nutrient concentrations between
reaches. Thus, we were unable to test our 3rd

hypothesis that differences in water-column nutrients
would increase leaf-litter breakdown rates.

Interspecific differences in leaf-litter breakdown

The short-term experiments probably reflected
dynamics of organic-matter processing in these
tropical streams better than the long-term experiment
because leaf-litter retention rates are low (,20 d)
(Larned 2000). These watersheds also are spatially
compact, and distances between headwaters and
stream mouths are often only a few km (Resh and
deSzalay 1995). Thus, initial decomposition of leaf
litter before organic matter is flushed and used by
nearshore nekton communities is an important regu-
lator of organic-matter dynamics in tropical island
ecosystems (Atwood et al. 2012). Invasion of riparian
areas by F. moluccana probably will alter organic
matter and nutrient inputs to streams and nearshore
areas because initial decomposition rates are greater
for F. moluccana than M. polymorpha. Moreover, F.
moluccana leaf-litter inputs occur year round and are
nearly 103 greater than native leaf-litter inputs
(Hughes and Denslow 2005).

TABLE 4. Mean (61 SE) daily fungal biomass values on
Falcataria moluccana and Metrosideros polymorpha leaves in
the Wailuku River, Hawaii, 2006–2007. Leaf averages were
calculated across season and reach. Asterisks denote
significant differences between leaf species: * p , 0.05, ** p
, 0.01, *** p , 0.001).

Fungal biomass (mg/g leaf)

F. moluccana M. polymorpha

2006 wet season

Forested 2.10 6 0.18 1.04 6 0.14***

Urban 1.64 6 0.07 0.50 6 0.06***

Average 1.87 6 0.13 0.77 6 0.14***

2006 dry season

Forested 1.83 6 0.09 1.07 6 0.10*

Urban 1.54 6 0.10 1.08 6 0.23
Average 1.68 6 0.09 1.08 6 0.11***

2007 wet season

Forested 1.70 6 0.26 0.74 6 0.06**

Urban 2.13 6 0.05 0.46 6 0.02***

Average 1.91 6 0.15 0.60 6 0.07***

Leaf average 1.82 6 0.07 0.82 6 0.08***
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FIG. 4. Mean (61 SE) invertebrate abundance over time from Falcataria moluccana and Metrosideros polymorpha litter bags and
leaf-litter packs in the 2006 wet season (A, B), 2006 dry season (C, D), and 2007 wet season (E, F) in urban (A, C, E) and forested
(B, D, F) reaches of the Wailuku River, Hawaii, USA. Week 4 and 5 values from the 2006 wet season are missing because of a major
storm that happened after week 3. AFDM = ash-free dry mass.
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Leaf chemistry and structure can influence fungal
and microbial colonization and, thus, leaf-litter
breakdown (Ardón et al. 2009, Kominoski et al.
2009). Falcataria moluccana leaf litter was expected to
break down significantly faster than M. polymorpha
because of its higher N content and, thus, higher
fungal colonization rates. Comparison of other intrin-
sic factors revealed that lignin and cellulose concen-
trations were also significantly greater in F. moluccana
than in M. polymorpha leaves (Table 2). Higher lignin
and cellulose content should have inhibited bacterial

and fungal colonization (Alexander 1977, Ardón and
Pringle 2008) and, thus, slowed leaf breakdown rates
(Webster and Benfield 1986, Gessner and Chauvet
1994, Ostrofsky 1997, Richardson et al. 2004) of F.
moluccana compared to M. polymorpha. However, we
found no evidence for inhibition, possibly because the
high N content of F. moluccana leaf litter may have
offset the inhibitory effect of lignin and cellulose
(Melillo et al. 1982). Alternatively, increased nutrients
could have been provided by excretion from signif-
icantly greater numbers of invertebrates on F.
moluccana leaves (Pringle and Triska 1991). Last,
cellulose content was higher in F. moluccana than in
M. polymorpha leaves, but differences in cellulose
content between F. moluccana and M. polymorpha (4%)
were smaller than differences reported among leaf
species (12%) in other studies in which cellulose
content affected leaf-litter breakdown rate (Ardón
et al. 2006, Ardón and Pringle 2008).

Differences in leaf-litter breakdown rates between
F. moluccana and M. polymorpha also could have been
influenced by the higher tannin levels in M. poly-
morpha leaves. Tannins can inhibit fungal growth
(Feeny and Bostock 1968) and, thus, leaf-litter
breakdown rates (Irons et al. 1994, Ostrofsky 1997,
Mathuriau and Chauvet 2002). Metrosideros polymor-
pha leaves may require a long conditioning period for
tannins to leach out of the leaves to make them
suitable for fungal colonization (Ardón and Pringle
2008). Tannin content might explain the slow linear
increase of fungal biomass on M. polymorpha leaves
during the short-term experiments. This hypothesis is
further supported by the high fungal biomass
measured on the few litter bags that survived the
2006 flood. Values from these leaf-litter packs (3.25–
4.27 mg/g leaf) exceeded values from F. moluccana
leaves measured throughout the study. If high
concentrations of tannins and other phenolics (not
measured here) inhibited fungal colonization, then
the longer immersion period for surviving packs in
the 2006 wet-season experiment than in the other
short-term experiments (60 d vs 28–30 d) may have
allowed more time for tannins and other phenolic
compounds to leach out of the leaf litter. However,
the short retention rates of leaf litter (,20 d) reported
for a nearby stream (Larned 2000) coupled with the
short lengths of these streams suggest that M.
polymorpha leaves are not in streams long enough for
leaching to affect microbial biomass. Other leaf-litter
characteristics (described below) are probably more
important regulators of fungal colonization and, thus,
leaf-litter breakdown.

Leaf toughness can influence leaf-litter breakdown
in temperate (Ostrofsky 1997, Quinn et al. 2000) and

FIG. 5. Percent N remaining in Falcataria moluccana and
Metrosideros polymorpha leaves removed from the Wailuku
River during the short-term experiments vs leaf ash-free dry
mass (AFDM) remaining in the 2006 wet season (A), 2006
dry season (B), and 2007 wet season (C). Slope (m) and
goodness of fit (r2) values for the regressions are given in the
key to symbols. Positive slopes indicate that leaves are an N
sink, whereas negative slopes indicate leaves are an N
source to the water column. Breakdown rates did not differ
between the forested and urban reaches, so data from the 2
reaches were pooled.

1046 R. A. MACKENZIE ET AL. [Volume 32



tropical streams (Ardón and Pringle 2008, Li et al.
2009). Correlations between decomposition rates of
leaf-litter packs, discharge, leaf toughness, and leaf C:N
in our study suggest that the structural complexity of
leaves is an important regulator of leaf-litter breakdown
in the Wailuku River. Breakdown of structurally
complex leaves should require more fungal processing
and mechanical fragmentation by flow than breakdown
of structurally simple leaves (Webster and Benfield
1986, Quinn et al. 2000, Li et al. 2009).

Leaf-litter breakdown in Hawaiian rivers

Leaf-litter breakdown rates did not differ between
leaf-litter packs and litter bags, and invertebrate

abundances were not correlated with intrinsic prop-
erties of leaf litter. These results indicate that
invertebrates played a minor role in leaf-litter
breakdown in the Wailuku River, as has been
reported for other Hawaiian rivers (Archer 1983,
Larned 2000). High N content, low tannin content,
and low leaf toughness are characteristics of high-
quality food for invertebrates, so we expected F.
moluccana leaf litter to be a novel food source for
omnivorous invertebrates (i.e., atyid shrimps), which
are important detritivores in other tropical rivers
(Crowl et al. 2001, Williams 2002). However, the
Wailuku River lacks established populations of
detritivores, so the expected response to shifts in the

FIG. 6. Conceptual diagram showing estimated N input to a stream with a riparian zone invaded by Falcataria moluccana. N
pools include the instantaneous standing stock of N from F. moluccana leaf litter (SS; mg/m2), total N remineralized to stream
water column from that standing stock of leaf litter (Nrem; mg/m2), and the flux of total dissolved N (WTDN) above a 1.0-m2 area of
stream (mg/m2) (Wiegner et al., in press). The amount of N entering the stream from leaf-litter inputs from F. moluccana trees
(LLin; mg m22 y21) (Hughes and Denslow 2005) is presented to demonstrate the potentially large amounts of N that could be
entering the streams in the form of leaf litter. Values are presented as either means (61 SE) or as ranges.
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intrinsic quality of leaf-litter inputs (Piccolo and
Wipfli 2002, Wipfli and Musslewhite 2004, Hernandez
et al. 2005) did not occur.

Peak fungal biomass was 10 to 1003 lower in the
Wailuku River than in other tropical and temperate
streams. This result suggests that fungi may be less
important for leaf-litter breakdown in Hawaiian
streams than in other streams (Table 5). The reason
for low fungal biomass in the Wailuku River is
unclear, but several explanations are possible. First,
we measured fungal biomass only during early stages
of decomposition. Second, nutrient concentrations in
the Wailuku River are extremely low. Low fungal
biomass in a tropical stream in Cerrado (Table 5) was
partially attributed to low nutrient levels (Gonçalves
et al. 2007). The NO3

2 values (3.6 mM) reported by
Gonçalves et al. (2007) are similar to concentrations in
our study, but PO4

32 concentrations in their stream
(80.6 mM) were orders of magnitude higher than in the
Wailuku River (undetectable; ,0.01 mM). In temperate
streams, fungal biomass increases with elevated
nutrient levels (Suberkropp 1995, Suberkropp and
Chauvet 1995, Pascoal and Cássio 2004, Pascoal et al.
2005, Gulis et al. 2006) and in experimental manipu-

lations of stream nutrients (Ferreira et al. 2006, Gulis
et al. 2006, 2008, Ferreira and Chauvet 2011). The
ranges of nutrient levels reported from low-nutrient
reference streams in these studies (NH4

+: 1.2–3.9 mM,
NO3

2: 3.0–99.3 mM, PO4
32: 0.4–3.2 mM) are much

higher than concentrations in the Wailuku River.
Third, the lignin and cellulose content of F. moluccana
and M. polymorpha were higher than values reported
by Gessner (2005). Gonçalves et al. (2007) attributed
low fungal biomass in their study in a tropical stream
to high lignin and cellulose content of leaves. Fourth,
invertebrate densities and biomass are low in Pacific
Islands, presumably because they are remote (Bright
1982, Barnes and Shiozawa 1985, Benstead et al. 2009).
Remoteness could have similarly affected aquatic
fungi and, thus, their role in leaf-litter decomposition.
Pascoal and Cássio (2004) reported higher levels of
fungal biomass in streams with greater fungal species
richness. Last, the differences among studies could
reflect differences in analytical technique among
laboratories or the fact that some studies reported
fungal biomass as mg/g leaf AFDM and others mg/g
leaf. Additional studies from remote tropical island
streams are needed to examine these factors.

TABLE 5. Peak fungal biomass values (mean 61 SE when available) and time of peak fungal biomass (d) from our study and
other studies conducted in temperate (temp), Mediterranean (Med), arid, and tropical (tropics) streams. Mean streamwater
nutrient concentrations are reported when available. AFDM = ash-free dry mass, SNO3 = NO2

2 + NO3
2, SRP = soluble reactive

P. * indicates values reported as mg/g leaf AFDM.

Leaf type
Fungal biomass

(mg/g leaf)
Time of peak

biomass Climate NH4
+ (mM) SNO3 (mM) SRP (mM)

Phragmites australis 71.3 6 4.2a – Temp – – –
Alnus glutinosa 21.1 6 1.5a 14 d Temp – – –
Alnus glutinosa 77.3b 56 d Temp 1.4 48.4 1.1
Salix fragilis 69.7b 56 d Temp 1.4 48.4 1.1
Protium brasiliense 95.0 6 14.6c* 30 d Temp – 70.0 0.17
Alnus glutinosa 76.7 6 17.7d* 24 d Temp – 50.0 0.004
Alnus glutinosa 61.8 6 9.0d* 7 d Med – 17.1 0.01
Castanea sativa 280.8 6 54.0e* 24 d Med – – –
Elaeagnus angustifolia 47.6 6 8.3f – Arid – – –
Populus deltoides 76.2 6 19.0f – Arid – – –
Alnus glutinosa 105.4 6 14.4d* 75 d Tropics – 3.6 0.08
Croton gossypifolius 81.9g* 10 d Tropics – 8.9 0.7
Clidemia sp. 92.8g* 16 d Tropics – 8.9 0.7
Protium brasiliense 19.3c* 75 d Tropics – 3.6 0.08
M. polymorpha 2.2 6 0.2 This study Tropics 0.09 1.7 0.006
F. moluccana 3.1 6 0.2 This study Tropics 0.09 1.7 0.006

a Gessner and Schmitt 1996
b Hieber and Gessner 2002
c Gonçalves et al. 2007
d Gonçalves et al. 2006
e Abelho 2009
f Harner et al. 2009
g Mathuriau and Chauvet 2002
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Effect of F. moluccana leaf-litter breakdown on river N

Falcataria moluccana and M. polymorpha differed in
the leaf-litter N content remaining after the early
stages of decomposition. N content of M. polymorpha
litter was positively correlated with % AFDM
remaining in the 2006 wet and dry seasons (Fig. 5A,
B) as would be expected if leaf litter were colonized
by fungi and microbial organisms over time (Triska
and Sedell 1976, Gessner and Chauvet 1994). The lack
of change in the N content of M. polymorpha leaves in
2007 probably was a consequence of lower discharge
because fungal biomass was positively correlated
with discharge. In contrast, N content of F. moluccana
litter was negatively correlated with % AFDM
remaining, a result suggesting that the breakdown
of F. moluccana litter released N to the river. N release
during decomposition can be reversed over time
(Triska and Sedell 1976, Melillo et al. 1982, Ardón
et al. 2006), but the flashy nature of Wailuku Stream
and the low residence time of leaf litter (Larned 2000)
suggests that decomposition may not progress far
enough for N immobilization to occur on F. moluccana
leaves. Thus, early stages of breakdown of F.
moluccana leaf litter may be increasing N inputs to
invaded streams. An N budget for Ainaloa Stream
showed that the early stages of F. moluccana litter
decomposition contributed 2.1 to 5.7% of the TDN
pool. This small addition of N probably is important
for biological processes in invaded stream reaches
(e.g., increased algal growth), but reports of increased
N in forest soils from litter inputs of N-fixing trees
(Bormann et al. 1994, Hughes and Denslow 2005,
Hughes and Uowolo 2006) suggest that subsurface
groundwater flows through invaded riparian forest
soils may be a greater source of N than leaf
decomposition in invaded streams (Wondzall and
Swanson 1996, Compton et al. 2003). Future work is
needed to verify this hypothesis.

Conclusion

Invasion of riparian forests by the N-fixing F.
moluccana tree alters tropical streams via increased
leaf-litter breakdown rates and, to an extent, release
of N during that breakdown. Most of our experi-
ments focused on early stages of decomposition, but
these stages are influential regulators of organic
matter and nutrient dynamics in tropical island
streams because their flashy nature decreases organic-
matter retention (Larned 2000). Decreased in-stream
processing time can potentially increase inputs of
particulate organic matter or nutrients to streams and
nearshore receiving waters, thereby altering nearshore
processes (Atwood et al. 2012). Breakdown of F.

moluccana leaf litter that is retained in depositional
areas increases inputs of fine particulate material and
elevates N levels in invaded streams to some degree
before the litter is flushed to lower stream reaches or
nearshore areas. This litter is replaced quickly by the
large amount of leaf litter that enters the stream from
invaded riparian forests (Hughes and Denslow 2005,
Wiegner and Tubal 2010). Our results highlight another
effect of F. moluccana on Pacific Island watersheds and
adds to a growing body of information that underscores
the need for strategies to restore dominance of native
tree species in riparian forests invaded by N-fixing
trees.
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GONÇALVES, J. F., M. A. S. GRAÇA, AND M. CALLISTO. 2006. Leaf-
litter breakdown in 3 streams in temperate, Mediterra-
nean, and tropical Cerrado climates. Journal of the
North American Benthological Society 25:344–355.

1050 R. A. MACKENZIE ET AL. [Volume 32
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