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ABSTRACT
N2-ﬁxing trees can affect stream water quality. This has been documented in temperate streams, but not in tropical ones, even though
N2-ﬁxing trees are prevalent in the tropics. We investigated the effects of the introduced, invasive tree, Falcataria moluccana (albizia) on
water quality of Hawaiian streams. Nutrient concentrations were measured in reaches above and below F. moluccana-dominated riparian
zones of four streams over 14 mo, and benthic algal nutrient limitation was examined in one stream. NO3 +NO2 concentrations were
up to 600 percent higher in reaches below F. moluccana stands than in ones above them. In contrast, dissolved organic nitrogen concentrations were 24 percent lower in most reaches below F. moluccana stands, and NH4+ and particulate nitrogen concentrations were similar
above and below the stands. Dissolved organic carbon concentrations were up to 30 percent lower below F. moluccana stands, but particulate carbon concentrations were similar between reaches. Total dissolved phosphorus concentrations were similar above and below
F. moluccana stands, whereas H4SiO4 concentrations were higher below the stands. In the stream where benthic chlorophyll a was measured, concentrations were three times higher below the F. moluccana stand than above it. Benthic algae were co-limited by nitrogen and
phosphorus above the F. moluccana stand, and limited by phosphorus below it. These results suggest that F. moluccana’s presence relieved
nitrogen-limitation and caused the benthic algae to become solely phosphorus-limited. Overall, our results demonstrate that F. moluccana
can strongly affect the chemistry and primary producers of these tropical streams.
Key words: Falcataria moluccana; Hawaii; nitrogen; nutrient limitation; riparian zone; streams.

NITROGEN (N) CONTROLS SPECIES COMPOSITION, DIVERSITY, DYNAMICS,
AND FUNCTIONING OF MANY TERRESTRIAL, FRESHWATER, AND MARINE
ECOSYSTEMS (Vitousek et al. 1997). Human activities, such as biological N2-ﬁxing crop cultivation, fossil fuel combustion, N fertilizer
synthesis, and invasive N2-ﬁxing plant introductions, have altered
N cycling more than any other element at regional and global
scales (Galloway et al. 2003). These activities have increased the
amount of available N in the environment and its mobility between
ecosystems (Vitousek et al. 1997). The consequences of large, more
mobile N pools are multifaceted and crossecosystem boundaries.
For example, elevated atmospheric N emissions from fossil fuel
combustion have led to N saturation conditions in temperate
forests (Berendse et al. 1993), and acidiﬁcation and eutrophication
of temperate freshwaters and estuaries (Vitousek et al. 1997). The
presence of N2-ﬁxing trees may also lead to forest N saturation
conditions (Vitousek et al. 1997), and when these trees are located
in riparian areas, they can have interecosystem effects by altering
stream water quality, ecosystem processes, and food webs
(Compton et al. 2003, Atwood et al. 2010, Mineau et al. 2011).
Impacts of riparian N2-ﬁxing trees have been largely documented in Paciﬁc Northwest streams, United States (Compton
et al. 2003), and more recently in the semi-arid western United
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States (Mineau et al. 2011) and South Africa (Jovanovic et al.
2009), even though riparian N2-ﬁxing trees are widespread worldwide (Jacobs et al. 2007, Scott et al. 2009, Morris & Stanford
2011, Reyes et al. 2011). In Paciﬁc Northwest forests, N2-ﬁxation
by the native Alnus rubra (red alder) has not only increased N litterfall inputs to the forest ﬂoor and increased dissolved inorganic
(DIN) and organic N (DON) leaching below the active rooting
zone (Binkley et al. 1992), but it has increased stream NO3 and
DON concentrations by an order of magnitude (Compton et al.
2003). Increased stream N concentrations from A. rubra have led
to higher primary productivity and chlorophyll a (Chl a) concentrations (Goldman 1961, Volk et al. 2003), suggesting that N
inputs from A. rubra may alleviate N-limitation. In addition,
microbial colonization, leaf litter breakdown rates, and stream
invertebrate densities, biomass, and richness were all greater in
streams draining A. rubra forests (Sampaio et al. 2001, Elliot et al.
2004, Richardson et al. 2004, Wipﬂi & Musslewhite 2004). Elaeagnus angustifolia (Russian olive), a non-native, N2-ﬁxing, riparian
tree found in the western United States, also affects stream N
concentrations and bioﬁlm nutrient limitation (Mineau et al.
2011). The mechanisms by which these riparian N2-ﬁxing trees
affect stream nutrient concentrations, processes, and biota remain
currently unknown.
In contrast to the growing literature on riparian N2-ﬁxing
tree effects on temperate streams, little is known about their
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effects on tropical streams (Atwood et al. 2010), even though they
are widespread in this region (ter Steege et al. 2006, Benson &
Dawson 2007, Tassin et al. 2012). Tropical streams, particularly
those with little anthropogenic N deposition, like the Hawaiian
Islands, may be especially affected by N2-ﬁxing riparian trees.
Anthropogenic N deposition rates are relatively low in Hawaii
(0.5–6 kg N/ha/yr), although volcanic activity increases deposition rates locally (Carrillo et al. 2002, Vitousek 2004), and young
basalt contains little to no N (Vitousek 2004). Soil N concentrations increase across the Hawaiian Islands along a chronological
gradient from atmospheric deposition and N2-ﬁxation from soil
bacteria, lichens, and higher plants (Vitousek 2004). Contributing
to this soil N gradient, are populations of non-native, N2-ﬁxing
shrubs and trees, which often form invasion fronts emanating
from purposeful plantings (Vitousek & Walker 1989, Woodcock
2003, Hughes & Denslow 2005).
A daunting non-native, N2-ﬁxing tree in Hawaii is Falcataria
moluccana (albizia). Native to the Moluccas, New Guinea, New
Britain, and the Solomon Islands (Wagner et al. 1999), it was ﬁrst
introduced to Hawaii in the 1920s–1950s to restore degraded
watersheds (Nelson 1965). Falcataria moluccana is a large, fast-growing tree, and in windward plantations on Hawaii Island, it has
increased soil N pools and availability (i.e., NO3 and NH4+) well
above measured values within monotypic Eucalyptus saligna stands
(Garcia-Montiel & Binkley 1998). Falcataria moluccana invasion into
native-dominated lowland wet forests, which previously lacked
native N2-ﬁxing plants, increased N inputs via litterfall 4–55 times,
soil N availability 17–121 times, and doubled litter decomposition
rates relative to adjacent native-dominated stands (Hughes & Denslow 2005, Hughes & Uowolo 2006). Where it occupies riparian
zones, it is anticipated that elevated litterfall N inputs could be as
high as 250 kg N/ha/yr (Hughes & Denslow 2005), a value comparable to industrial corn production N fertilizer additions (Jaynes
et al. 2001), three times greater than atmospheric N deposition
from industrial areas of North America and Europe (Berendse
et al. 1993, Wright & van Breeman 1995) and N2-ﬁxation rates of
F. moluccana itself (Binkley & Giardina 1997), and seven times
greater than litter inputs from temperate N2-ﬁxing trees (Binkley
et al. 1992, Busse & Gunkel 2002).
While effects of F. moluccana on terrestrial systems are
becoming well documented (Hughes & Denslow 2005, Allison
et al. 2006, Hughes & Uowolo 2006, Hughes et al. 2012); less is
known about its impact on streams (Atwood et al. 2010).
Despite their shared N2-ﬁxing capacity, impacts of F. moluccana,
A. rubra, and E. angustifolia on streams likely differ as a function
of their geographic location. A. rubra and E. angustifolia are
present in temperate forests, which are generally N-limited; thus,
the amount of N leaching from the forest ﬂoor to the stream
should be relatively low, except in monotypic stands. In contrast, F. moluccana is found in tropical forests, which have a
lower capacity to retain N (Matson et al. 1999), a condition
speculated to result from high N inputs from asymbiotic biological N2-ﬁxation in the soil litter layer (Hedin et al. 2009, Brookshire et al. 2012a,b). Therefore, more N from the forest is
probably leaching into streams as compared to temperate for-

ests. In addition, tropical streams experience year-round leaf litter inputs, whereas temperate ones receive seasonal inputs
(Compton et al. 2003). The consequence is that a greater
amount of N is entering tropical streams via leaf litter annually
compared to temperate ones. It is hypothesized that this
increase in N from F. moluccana will impact freshwater and
coastal water quality – as both tend to be N-limited in the tropics (Laperriere 1995, Neill et al. 2001, Flecker et al. 2002) and
may lead to coastal eutrophication.
The goal of our study was to investigate effects of F. moluccana on water chemistry and benthic algal nutrient limitation of
Hawaii Island streams. Water samples were collected from stream
reaches above and below F. moluccana-dominated riparian zones
of four streams, ﬁve to ten times, over 14 mo.

METHODS
SITE DESCRIPTION.—Four streams in three watersheds on Hawaii
Island were sampled for this project including: Ainako Stream,
Kolekole River, and Waipuhi and Waipunalau Gulches (Table 1),
ﬁve to ten times from June 2005 to August 2006. Water samples
were collected from the thalweg at two to four stations that were
0.5–1.5 km apart within each stream primarily during the dry
season (May–October, HDOH 2009) under baseﬂow conditions.
Stations were located above and below F. moluccana stands to assess
their effects on stream water quality using a design similar to Hurd
and Raynal (2004). Water was sampled using plastic buckets,
pre-rinsed with stream water. Water for nutrient analyses was
ﬁltered through pre-combusted (500°C for 6 h) GF/F ﬁlters
(Whatman, Piscataway, New Jersey, U.S.A.), and unﬁltered water
for total suspended solids (TSS), as well as particulate carbon (PC)
and nitrogen (PN) was placed into two 1-L HDPE acid-washed
bottles, pre-rinsed with stream water. All water samples were immediately placed on ice, transported to the laboratory, and stored frozen until analysis. Water samples for TSS, PC, and PN were
immediately processed at the laboratory.
ANALYTICAL METHODS.—Filtered nutrient samples were analyzed
for total dissolved N (TDN), ammonium (NH4+), nitrate plus
nitrite (NO3 + NO2 ), total dissolved phosphorus (TDP), phosphate (PO43 ), silicic acid (H4SiO4), and dissolved organic carbon
(DOC). NH4+ [USGS I-2525, detection limit (d.l.) 1 lmol/L],
NO3 + NO2 (USEPA 353.4, d.l. 0.1 lmol/L), TDP (USGS I4650-03, d.l. 0.1 lmol/L), PO43 (USEPA 365.5, d.l. 0.1 lmol/
L), and H4SiO4 (USEPA 366, d.l. 5 lmol/L) were analyzed on a
Technicon Pulse II Autoanalyzer. Dissolved organic phosphorus
(DOP) was determined from the difference between TDP and
PO43 . TDN was analyzed using high-temperature combustion,
followed by chemiluminescent detection of nitric oxide on a
Shimadzu TOC-V, TNM-1 (d.l. 1 lmol/L). DON was determined from the difference between TDN and DIN
(DIN = NH4+ + NO3 + NO2 ). DOC was also measured
using high-temperature combustion on a Shimadzu TOC-V,
TNM-1 (d.l. 10 lmol/L). All nutrient samples were analyzed
within 2 weeks of collection. In addition, known volumes of
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TABLE 1. Characteristics of streams examined in this study on Hawaii Island. Conservation, agriculture, and urban zone are abbreviated as Cons-Ag-Urb. Mean annual temperature
and precipitation are abbreviated as MAT and MAP. NA indicates where data were not available.
Elevation

Falcataria
Stream

Stream

Watershed

Zoning

moluccana

order

area (km2)a

Cons-Ag-Urb (%)a

area (km2)b

1
3

3.1
52

0.30
0.11

Ainako
Kolekole

84-2-14
71-29-0

Volcano

Substrate

range

MAT

MAP

Populationa

complex

age (kyr)c

(m asl)d

(oC)e

(mm)a

275
24

Mauna Loa
Mauna Kea

3–5
65–70

100–250
400–450

22
20–22

4834
3900

Waipuhi

1

1.0

38-62-0

0.76

NA

Kohala

120–230

425–550

20–22

2420

Waipunalau

1

1.7

38-62-0

0.76

NA

Kohala

120–230

425–550

20–22

2420

a

Michaud & Wiegner 2011.
Area estimated using remote sensing imagery (Worldview2 for Ainako Stream and Kolekole River; Carnegie Institution for Science at Stanford University cour-

b

tesy of G. Asner for Waipunalau and Waipuhi Gulches) and ArcGIS v. 10 software.
c

Wolfe & Morris 1996.

d
e

USGS topographic series W833.

Sanderson 1993.

water from the 1-L water samples transported back to the laboratory were ﬁltered through two pre-combusted, pre-weighed, GF/
F ﬁlters, and dried to a constant weight at 70°C. One ﬁlter was
analyzed for TSS (APHA, AWWA, & WEF 1995) and the other
for PC and PN on a CHN analyzer (Costech Analytical Technologies, Valencia, California, U.S.A.). Total N (TN) was calculated
as the sum of TDN and PN, and total C (TC) was calculated as
the sum of DOC and PC. All nutrient samples were analyzed at
the University of Hawaii at Hilo Analytical Laboratory.
BENTHIC ALGAL NUTRIENT LIMITATION.—Nutrient-diffusing substrates were used to assess benthic algal nutrient limitation in Ainako Stream in summer 2006 (Tate 1990). Nutrient-diffusing
substrates were constructed out of 10-cm diameter clay saucers
glued to Petri dishes. Saucers were ﬁlled with 2 percent agar solutions, with one set of saucers serving as controls (C; no nutrient
additions), and the others being enriched with nutrients: + N
(0.5 mol/L NaNO3), + P (0.1 mol/L KH2PO4), and + N + P
(same level as in the + N and + P treatments alone). Saucers
were attached to the streambed using concrete nails and placed in
a cross-shape conﬁguration, with the C saucer upstream, + N
and + P saucers placed side by side and below the C,
and + N + P saucers placed downstream of all other treatments.
This conﬁguration minimized contamination among saucers and
treatments. Six sets of treatment conﬁgurations were deployed,
three above the F. moluccana stand and three below it, in water
with similar water depths, light levels, and stream water velocities.
After 3 weeks, the saucers were retrieved, placed into separate
zip-lock bags, and transported to the laboratory. Algae were
scraped from the saucer into a known volume of deionized
water, which was then sub-sampled and ﬁltered through a GF/F
ﬁlter. Filters were stored frozen in the dark until analysis. Chl a
samples were analyzed on a Turner 10-AU ﬂuorometer using
USEPA method 445.0.
STATISTICAL ANALYSES.—Differences in concentrations for dissolved and particulate nutrients, as well as N and C pools’

compositions were examined using a general linear model (GLM)
with location (above or below F. moluccana stands), stream, and
year as factors; stream was used as a blocking factor. All observations for a particular station were ﬁrst log transformed, averaged across sampling dates within a year, and then used in the
GLM. When observations had zeros for values, a constant was
added prior to logging the data, where the constant was one-half
of the smallest positive value. A two-way analysis of variance
(ANOVA) and a Tukey HSD multiple comparison test were used
to examine differences in Chl a concentrations with location and
treatment (C, + N, + P, and + N + P) as factors. Correlations
were used to examine associations among variables. Statistics
were run using Systat® 11 and SAS 9.3, and an a-level of 0.05
was used.

RESULTS
Falcataria moluccana’s presence affected stream water N concentrations (Fig. 1). Speciﬁcally, NO3 +NO2 concentrations were
signiﬁcantly higher below F. moluccana stands than above them
(P = 0.0051) (Fig. 1). In contrast, DON concentrations were
lower below F. moluccana stands than above them (P = 0.0841),
although the difference was not signiﬁcant (Fig. 1). Concentrations of NH4+ and PN were similar above and below F. moluccana stands (Fig. 1). Percent contribution of DIN to the TN
pool signiﬁcantly increased below F. moluccana stands in all
streams (P = 0.0282), whereas the percent contribution of
DON to the TN pool signiﬁcantly decreased (P = 0.0312)
(Table S1). Percent contribution of PN to the TN pool was
similar above and below F. moluccana stands (Table S1). Most
forms of N had similar concentrations among streams, except
for DON (P = 0.0194), where its concentration was highest in
Waipunalau Gulch and lowest in Ainako Stream.
Falcataria moluccana presence did not consistently affect
organic C concentrations in the streams (Table 2). DOC concentrations were up to 30 percent lower below F. moluccana stands,
although this difference was not signiﬁcant (P = 0.1571). In
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FIGURE 1. Comparison of average ( SE) (A) NO3 +NO2 , (B) NH4+, (C) dissolved organic nitrogen (DON), and (D) particulate nitrogen (PN) concentrations in Hawaiian streams above and below Falcataria moluccana stands. Results from GLM are shown on ﬁgure (a = 0.05).

contrast, PC concentrations were similar above and below F. moluccana stands. Percent contribution of DOC to the TC pool was
signiﬁcantly lower (P = 0.0252) below F. moluccana stands,
whereas percent contribution of PC to the TC pool was signiﬁcantly higher (P = 0.0005) (Table S1). DOC concentrations differed among streams (P = 0.0023), whereas PC concentrations
were similar. The DOC difference was driven by Ainako Stream,
which had the lowest values.

TDP concentrations were similar above and below F. moluccana stands, but signiﬁcantly differed among streams, where
Waipuhi and Waipunalau Gulches had signiﬁcantly higher concentrations than Ainako Stream and Kolekole River (P = 0.0003)
(Table 2). Almost 100 percent of the TDP in Ainako Stream and
Kolekole River was DOP, whereas DOP and PO43 comprised
70 percent and 30 percent of the TDP, respectively, in Waipuhi
and Waipunalau Gulches. H4SiO4 concentrations were higher

TABLE 2. Comparison of average ( SE) nutrient concentrations in Hawaiian streams above and below Falcataria moluccana stands. All concentrations are reported in lmol/L,
except for TSS, which is reported as mg/L.
Location
Above

Stream

Stations

N

TN

TDN

Ainako

2

20

81

50

Kolekole

2

16

70

50

Waipuhi

1

5

13  5

72

Waipunalau

1

Average
Below

Average

DOC

PC

TDP

H4SiO4

TSS

86  11

55  6

31  5

0.0  0.0

92  11

3.6  1.1

216  25

194  24

22  3

0.1  0.1

84  12

2.3  1.2

191  86

108  38

83  49

1.4  1.0

94  20

22.1  14.8

TC

5

25  6

13  1

501  95

342  33

159  69

1.4  0.4

16  7

69.4  40.5

46

10  1

61

188  24

140  17

47  11

0.4  0.1

81  7

12.3  5.3

15  1
50

100  24
195  32

43  7
171  31

56  18
24  3

0.2  0.1
0.1  0.0

149  17
95  13

5.7  1.6
4.5  3.3

Ainako
Kolekole

2
1

20
8

21  2
70

Waipuhi

2

10

17  3

91

248  41

127  12

121  30

0.9  0.2

140  19

28.6  9.4

Waipunalau

2

10

16  3

10  1

214  56

124  29

89  29

1.0  0.2

123  15

31.5  11.6

48

16  1

11  1

170  20

98  11

72  12

0.5  0.1

132  9

15.6  3.6
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below F. moluccana stands than above them, but the difference
was not signiﬁcant (P = 0.1178), and concentration levels were
similar among streams (Table 2).
Benthic Chl a concentrations were three times higher
(P < 0.0001) below the F. moluccana stand than above it in Ainako Stream (Fig. 2). Above the stand, benthic algae were signiﬁcantly higher on the + N + P treatment compared to the control
(P = 0.037), and below the stand, they were signiﬁcantly higher
on the + P treatment compared to the control (P = 0.005)
and + N treatment (P = 0.022).

DISCUSSION
EFFECTS ON STREAM WATER QUALITY.—N2-ﬁxing trees found within
riparian and greater watershed areas affect stream N concentrations. The most commonly documented effect is an increase in
stream and groundwater NO3 +NO2 concentrations (Goldman
1961, Compton et al. 2003, Hurd & Raynal 2004, Jovanovic et al.
2009, Mineau et al. 2011). In our study, NO3 +NO2 concentrations signiﬁcantly increased below F. moluccana stands in all
streams. The greatest concentration increase was in Ainako
Stream, where NO3 +NO2 increased ~ 12 lmol/L, a 500
percent increase, and may be attributed to the dense F. moluccana
canopy over the relatively narrow stream channel.
It remains unknown how N2-ﬁxing trees increase
NO3 +NO2 in streams, but several mechanisms are possible.
First, litter from the N2-ﬁxing trees may fall directly into streams,
where it is physically, chemically, and biologically broken down,
releasing either particulate or dissolved N into the water (a la
Compton et al. 2003). In the Paciﬁc Northwest, stream litter
inputs were three times greater in an A. rubra forest (348 g/m2)
than in an old-growth coniferous one (104 g/m2) (Volk et al.
2003). This translated into signiﬁcantly higher PC concentrations,
but not PN ones (Volk et al. 2003). Falcataria moluccana has been
shown to increase litter inputs to wet lowland forests in Hawaii
1.3–8.6 times and N mass of litterfall 4–55 times (Hughes & Denslow 2005); these inputs are 2.9–3.4 times greater (1000–1200 g/
m2) than A. rubra litter inputs to streams (Volk et al. 2003). Second, soluble nutrients either derived from breakdown of N2-ﬁxing
tree leaf litter on land or exudation from their roots may be mobilized through surface runoff and groundwater (Goldman 1961,
Wondzell & Swanson 1996). At Castle Lake, California, high
NO3 concentrations in spring water beneath Alnus tenuifolia
(mountain alder) were thought to be from nitriﬁcation of NH4+
released from decomposing leaf litter (Goldman 1961), as extractable soil N concentrations, primarily NH4+, were an order of
magnitude higher below the alders than other deciduous trees
(Goldman 1961). A third possibility is leaching of N2-ﬁxing tree
leaves on land and lateral transport of the solubilized N from
upland stands via groundwater to streams (Compton et al. 2003,
Sigleo et al. 2010, Steinberg et al. 2011). In Oregon, A. rubra cover
within entire watersheds explained a much greater proportion of
NO3 variability (66%) than cover within 30–120 m (< 42%) of
the stream, suggesting that this mechanism was the major N
source to streams (Compton et al. 2003).
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Further research is needed to determine which of these
mechanisms is responsible for elevated stream NO3 +NO2
concentrations draining F. moluccana stands in Hawaii. Falcataria
moluccana leaf litter decomposes rapidly, however, particularly
under F. moluccana-dominated canopies with no evidence of
immobilization (Hughes & Uowolo 2006) and soil inorganic N
availability is up to 120 times greater than in native-dominated
forests on comparably aged lava ﬂows (Hughes & Denslow
2005). These results suggest that F. moluccana leaves are decomposed on land into soluble N forms transported either through
surface runoff or groundwater to streams.
Like NO3 +NO2 , stream DON concentrations have also
been reported to primarily increase in the presence of N2-ﬁxing
trees (Compton et al. 2003, Volk et al. 2003, Mineau et al. 2011),
although no detectable effects have also been reported (Sigleo
et al. 2010). In downstream reaches where E. angustifolia was the
dominant riparian vegetation, DON was the dominant dissolved
N form (65% of TDN) and its concentrations were higher than
those in above stream reaches without E. angustifolia (Mineau
et al. 2011). A similar result was found in streams draining
A. rubra forests in Washington, where organic N (ON) concentrations were higher than those measured in streams draining
old-growth coniferous forests and ON was the dominant N
form (58% of the TN) (Volk et al. 2003). In Oregon and Washington, stream DON and total ON concentrations increased
with increasing A. rubra cover; however, NO3 +NO2 was the
dominant dissolved N form in these streams (Compton et al.
2003, Steinberg et al. 2011). At Harvard Forest, increased N
availability enhanced DON leaching from the forest ﬂoor, but
not from deeper mineral soil, suggesting that overland ﬂow, not
groundwater, was responsible for increases in stream DON concentration (Currie et al. 1996, McDowell et al. 1998). In addition,
it is speculated that N2-ﬁxing trees, like A. rubra, may increase
stream DON concentrations through root or symbiont exudation (Compton et al. 2003); a similar mechanism has been proposed to explain elevated soil and stream DON concentrations
in high atmospheric N deposition areas (Brookshire et al. 2007).
In contrast to previously reported increases, DON concentrations decreased in three of the four streams studied below
F. moluccana stands. We speculate that the soil DON that typically
leaches into the streams is broken down by extracellular N-mineralizing enzymes in the soil whose activities are signiﬁcantly higher
in F. moluccana stands than in native ones (Allison et al. 2006),
and nitriﬁed. Nitriﬁcation rates were higher in A. rubra forests
compared to old-growth coniferous ones (Verburg et al. 2001,
Rothe et al. 2002); this has yet to be documented for F. moluccana.
Nitriﬁcation is probably not occurring in the streams because
DON concentration decreases do not account for NO3 +NO2
concentration increases (Fig. 1).
Documented effects of N2-ﬁxing trees on stream NH4+
concentrations are less consistent in sign and magnitude than
those reported for NO3 +NO2 and DON. Several studies have
reported no effect of N2-ﬁxing trees on stream NH4+ concentrations (Compton et al. 2003, Volk et al. 2003), whereas one
reported an increase (Goldman 1961) and another a decrease
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(Stottlemyer 1992). In our study, small decreases in NH4+ were
observed from the reach above the F. moluccana stand to below it
and this pattern was consistent across streams; however, it was
not signiﬁcant.
In comparison to dissolved N forms, few studies have investigated the effects of N2-ﬁxing trees on stream PN concentrations.
To date, only one study has reported values as %N of suspended
material and found that it was similar between streams draining
A. rubra and old-growth coniferous forests (Volk et al. 2003). In
our study, stream reaches above and below F. moluccana stands
had similar PN concentrations, suggesting that the largest effect
of F. moluccana was on dissolved N in the stream, not particulate
matter. Similar stream PN concentrations above and below F. moluccana stands suggest that changes in stream chemistry were not
likely from PN degradation within the stream and later N transformations, but rather from processes occurring on land.
Few studies assessing the effects of N2-ﬁxing trees on
stream water quality have measured DOC concentrations. In an
Alaskan study, DOC concentrations nearly doubled below an
Alnus crispa (green alder) stand (Stottlemyer 1992). Studies have
shown that increased N availability in forests may stimulate
microbial organic matter mineralization and increase release of
DOC from the forest ﬂoor (Zech et al. 1994). In contrast to the
Alaskan study, we found stream DOC concentrations were lower
below F. moluccana stands, a pattern similar to what we found
with respect for DON. A similar pattern of decreasing DOC and
DON soil water concentrations was observed in Norwegian forests exposed to chronic N inputs (Vestgarden et al. 2001). Our
results are coincidental with increased rates of litter decomposition and net N mineralization in F. moluccana-dominated forests in
Hawaii (Hughes & Denslow 2005, Hughes & Uowolo 2006).
These observations suggest a scenario whereby N amendments
stimulate microbial utilization of soil dissolved organic matter
and lead to decreased soil water DOC and DON concentrations.
Falcataria moluccana invasion into lowland wet forests has been
shown to increase litter decomposition rates (Hughes & Uowolo
2006) and levels of extracellular enzymes responsible for C and
N mineralization (Allison et al. 2006). Therefore, it is possible
that increased N inputs from F. moluccana to the riparian forests
of the studied streams stimulated microbial utilization of soil
water DOC and DON, decreasing the amount available for
leaching into the streams. The strong correlation (r = 0.888)
between stream DOC and DON concentrations further suggests
common controls (Fig. 3). These controls are likely the ones
affecting, soil organic matter (SOM), as soil C:N is strongly correlated with stream DOC and DON concentrations in unpolluted
forests (Brookshire et al. 2007). In young Hawaiian soils, terrestrial primary production and stabilization of SOM onto minerals
affect soil organic C:N (Vitousek 2004).
Like DOC, only one study to our knowledge has examined
the effects of N2-ﬁxing trees on stream PC concentrations. This
study found that PC concentrations were signiﬁcantly higher in
streams with A. rubra compared to streams with old-growth
coniferous trees (Volk et al. 2003). This was expected because of
the greater litter input to A. rubra streams than to old-growth
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FIGURE 2. Average ( SE) Chlorophyll a (Chl a) concentrations in Ainako
Stream, Hawaii, above and below Falcataria moluccana stands in response to
nutrient amendments: control (no nutrient amendments), +N (plus nitrogen),
+P (plus phosphorus), and + N + P (plus nitrogen and phosphorus)
(N = 3). Results from two-way ANOVA and Tukey HSD multiple comparison test are shown on ﬁgure (a = 0.05). Tukey HSD multiple comparison test
results are from one-way ANOVAs where locations (above and below F. moluccana) were individually analyzed because there was a signiﬁcant interaction
between location and nutrient amendment. Bars with different letters are signiﬁcantly different from one another (above F. moluccana – letters a-b are used,
below F. moluccana – letters c-d are used). Details on nutrient amendments
can be found in the methods.

coniferous ones (Volk et al. 2003). While litter inputs from
F. moluccana stands are signiﬁcantly higher than from nativedominated stands (Hughes & Denslow 2005), PC concentrations
in our streams were similar between reaches above and below
F. moluccana stands. This suggests that most of the tree litter falls
and is processed on the forest ﬂoor rather than in the stream.
One difference to note is that higher PC and PN concentrations
were found in the streams draining older substrates compared
to younger ones, and this may be explained by higher soil C
and N content found at these sites, as SOM becomes stabilized
on minerals found on substrates this age (Vitousek 2004).
As with DOC and PC concentrations, effects of N2-ﬁxing
trees on stream P concentrations have not been well documented
and reported effects are variable. Total phosphorous concentrations signiﬁcantly increased in Paciﬁc Northwest streams draining
A. rubra forests compared to old-growth coniferous ones
(Volk et al. 2003). In contrast, E. angustifolia in the riparian zone
of Idaho and Wyoming streams had no effect on PO43 concentrations (Mineau et al. 2011). We also found TDP concentrations
were similar in stream reaches above and below F. moluccana
stands. Falcataria moluccana in Hawaiian plantations decreases soil
P availability (Binkley & Ryan 1998, Binkley et al. 2000, Kaye
et al. 2000), but increases P supply from litter, as well as soil P
availability in young lowland wet forests (Hughes & Denslow
2005). Soil age and rock-derived P availability have been proposed as possible factors explaining these discrepancies (Hughes
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& Denslow 2005), as primary mineral phosphates in young soils
are available to plants, whereas P in older soils, particularly those
with lengthy periods of agriculture, is more occluded (Vitousek
2004). In our study, streams draining older substrates had higher
TDP concentrations than streams draining young substrates. This
difference may be explained by high P concentrations found in
Hawi lavas of the Kohala Volcano compared to lavas from other
volcanoes (Spengler & Garcia 1988).
N2-ﬁxing tree effects on stream H4SiO4 concentrations
remain unknown. We observed consistently higher concentrations
in reaches below F. moluccana stands, although the difference was
not signiﬁcant. Increases may be from either leaf litter decomposition on land or in streams (Derry et al. 2005), or from groundwater inputs (Dollar & Atkinson 1992). Sixty-eight to 90 percent
of silica (Si) released into Hawaiian streams has cycled through
plants and has not been directly released from silicate mineral
weathering (Derry et al. 2005). In addition, F. moluccana leaves
have more Si than native Metrosideros polymopha and Acacia koa
leaves, but a lower amount than invasive Trema orientalis and Psidium cattleianum leaves (Hughes unpubl. data). Additional data are
needed to determine whether F. moluccana does signiﬁcantly
increase H4SiO4 concentrations in streams.
EFFECTS ON PRIMARY PRODUCERS AND HIGHER TROPHIC LEVELS.—
While it has been argued that increased forest N inputs from
either N2-ﬁxing trees or atmospheric pollution will not lead to
eutrophication in temperate freshwaters because they are generally P-limited (Hecky & Kilham 1988, Stoddard 1994), these
increased inputs may lead to eutrophication in tropical freshwaters, which tend to be N-limited (Laperriere 1995, Neill et al.
2001, Flecker et al. 2002). In Ainako Stream, benthic Chl a concentrations were three times higher below the F. moluccana stand
than above it (Fig. 2). In contrast, benthic Chl a concentrations
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were similar between streams draining A. rubra and old-growth
coniferous forests (Hernadez et al. 2005, Volk et al. 2008). Presence of A. rubra also did not affect nutrient limitation, as benthic
algae were limited by both N and P in streams with and without
A. rubra (Volk et al. 2008). In contrast, presence of E. angustifolia
alleviated N-limitation of benthic algae, and in some streams, it
appeared to induce P-limitation (Mineau et al. 2011). In Hawaii,
benthic algae were limited by both N and P above the F. moluccana stand in Ainako Stream. Below the stand, benthic algae Chl
a was higher across all nutrient treatments compared to the ones
above the stand suggesting that F. moluccana’s presence relieved
N-limitation (Fig. 2). In addition, benthic algal Chl a was 1.3–2
times higher in treatments with P than those without it (Fig. 2),
suggesting that benthic algae switched from being co-limited by
N and P above the F. moluccana stand to P-limited below it.
While our results are limited to Ainako Stream, they suggest that
F. moluccana’s presence can increase benthic algal Chl a and cause
streams to become P-limited.
The probability is high that increased stream N loads from
F. moluccana contribute to coastal eutrophication. First, N inputs
from litter are as high as industrial corn production N fertilization rates (Jaynes et al. 2001) and higher than atmospheric N
deposition rates in industrialized areas (Berendse et al. 1993,
Wright & van Breeman 1995). Second, coastal waters are generally N-limited (Hecky & Kilham 1988) and N limitation occurs
in Kaneohe Bay, Hawaii, during prevailing non-storm conditions (Ringuet & MacKenzie 2005). Third, F. moluccana leaves
are rapidly transported to coastal waters during storms, where
they may breakdown faster than in streams, as was observed
with A. rubra leaves in the Paciﬁc Northwest (Sakamaki &
Richardson 2007).
While our study focused on changes in stream water quality
from F. moluccana, N2-ﬁxing trees, like other riparian trees
(Wallace et al. 1999), also affect leaf litter breakdown rates and
stream invertebrates (Sampaio et al. 2001, Elliot et al. 2004, Richardson et al. 2004, Wipﬂi & Musslewhite 2004). In Hawaii, F. moluccana affected Ainako Stream’s food web (Atwood et al. 2010).
Its litter replaced stream macroalgae and particulate organic matter as a major food source to lower level consumers, and through
this substitution became an important indirect C and N source
for higher level consumers.
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FIGURE 3. Association of dissolved organic carbon (DOC) concentrations
with dissolved organic nitrogen (DON) ones in Hawaiian streams that were
sampled above and below Falcataria moluccana stands. Results from correlation
analysis are shown on ﬁgure (a = 0.05).

Falcataria moluccana is affecting both forests (Hughes & Denslow
2005, Allison et al. 2006, Hughes & Uowolo 2006) and streams
(Atwood et al. 2010). In three of our four streams, NO3 +
NO2 concentrations exceeded Hawaii Department of Health’s
dry season standards below F. moluccana stands (HDOH 2009).
Falcataria moluccana removal may improve stream water quality as
decreased soil NO3 levels were documented following removal
in American Samoan forests (Hughes et al. 2012). Our study
highlights the need to better understand effects of terrestrial vegetation shifts on aquatic ecosystems, especially in the face of environmental change. This knowledge is central to our ability to
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predict how these changes will impact these linked ecosystems, as
well as our ability to manage them under new conditions (Ball
et al. 2010).

ACKNOWLEDGMENTS
We thank Mike Gomes of Surety Kohala Corporation for
access to streams in the Kohala watershed, Randi Schneider of
the University of Hawaii at Hilo’s (UHH) Analytical Laboratory
for sample analysis, Jim Baldwin for statistical analyses, Jene
Michaud, Julie Gaertner, and Lisa Canale for geospatial analyses, Rich MacKenzie for nutrient difusing plates, and Sharon
Ziegler-Chong, Drew Kapp, and Kamaka Gunderson for ﬁnacial support and guidance of undegraduate research assistants
through the UHH Paciﬁc Islands Program for Exploring Sciences (PIPES), which was supported by the National Science
Foundation (NSF, Award #:DBI04-53630) and the National
Ocean and Atmospheric Administration (NOAA, Minority
Serving Institution Environmental Educational Partnership
grant), and also through the Keaholoa program at UHH (NSF
Award #: 0237065).

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
TABLE S1. Comparison of average ( SE) percent contributions of
different forms of N and C to the total N and C pools in Hawaiian
streams above and below F. moluccana stands.

LITERATURE CITED
ALLISON, S. D., C. NIELSEN, AND R. F. HUGHES. 2006. Elevated enyzme activity
in soils under the invasive nitrogen-ﬁxing tree Falcataria moluccana. Soil
Biol. Biochem. 38: 1537–1544.
APHA, AWWA, and WEF. 1995 Standard methods for the examination of
water and wastewater, 18th edition. American Public Health Association, Washington D.C.
ATWOOD, A. B., T. N. WIEGNER, J. P. TURNER, AND R. A. MACKENZIE. 2010.
Potential effects of an invasive nitrogen-ﬁxing tree on a Hawaiian
stream food web. Pac. Sci. 64: 367–379.
BALL, B. A., J. S. KOMINOSKI, H. E. ADAMS, S. E. JONES, E. S. KANE, T. D. LOECKE, W. M. MAHANEY, J. P. MARTINA, C. M. PRATHER, T. M. P. ROBINSON, AND C. T. SOLOMON. 2010. Direct and terrestrial vegetationmediated effects of environmental change on aquatic ecosystem processes. Bioscience 60: 590–601.
BENSON, D. R., AND J. O. DAWSON. 2007. Recent advances in the biogeography
and genecology of symbiotic Frankia and its host plants. Physiol. Plantarum 130: 318–330.
BERENDSE, F. R., R. AERTS, AND R. BOBBINK. 1993. Atmospheric nitrogen
deposition and its impact on terrestrial ecosystems. In C. C. Vos,
and P. Opdam (Eds.). Landscape ecology of a stressed environment,
pp. 104–121. Chapman & Hall, London, UK.
BINKLEY, D., AND C. GIARDINA. 1997. Nitrogen ﬁxation in tropical forest plantations. In E. K. S. Nambiar, and A. G. Brown (Eds.). Management of
soil, nutrients and water in tropical plantation forests, pp.
297–337. Australian Centre for International Agriculture Research,
Monograph 43, Canberra, Australia.

BINKLEY, D., C. GIARDINA, AND M. A. BASHKIN. 2000. Soil phosphorus pools
and supply under the inﬂuence of Eucalyptus saligna and nitrogen-ﬁxing
Albizia falcataria. Forest Ecol. Manag. 128: 241–247.
BINKLEY, D., AND M. G. RYAN. 1998. Net primary production and nutrient
cycling in replicated stands of Eucalyptus saligna and Albizia falcataria.
Forest Ecol. Manag. 112: 79–85.
BINKLEY, D., P. SOLLINS, R. BELL, D. SACHS, AND D. MYROLD. 1992. Biogeochemistry of adjacent conifer and alder-conifer stands. Ecology 73:
2022–2033.
BROOKSHIRE, E. N. J., S. GERBER, D. N. L. MENGE, AND L. O. HEDIN. 2012a.
Large losses of inorganic nitrogen from tropical rainforests suggest a
lack of nitrogen limitation. Ecol. Lett. 15: 9–16.
BROOKSHIRE, E. N. J., L. O. HEDIN, J. D. NEWBOLD, D. M. SIGMAN, AND J. K.
JACKSON. 2012b. Sustained losses of bioavailable nitrogen from montane tropical rainforests. Nat. Geosci. 5: 123–126.
BROOKSHIRE, E. N. J., H. M. VALETT, S. A. THOMAS, AND J. R. WEBSTER. 2007.
Atmospherice N deposition increases organic N loss from temperate
forests. Ecosystems 10: 252–262.
BUSSE, L. B., AND G. GUNKEL. 2002. Riparian alder fens – source or sink for
nutrients and dissolved organic carbon? – 2. Major sources and sinks.
Limnologica 32: 44–53.
CARRILLO, J. H., M. GALANTER-HASTINGS, D. M. SIGMAN, AND B. J. HUEBERT.
2002. Atmospheric deposition of inorganic and organic nitrogen and
base cations in Hawai’i. Global Biogeochem. Cy. 16: 1076. doi:10.
1029/2002GB001892.
COMPTON, J. E., M. R. CHURCH, S. T. LARNED, AND W. E. HOGSETT. 2003.
Nitrogen export from forested watersheds in the Oregon Coast
Range: The role of N2-ﬁxing red alder. Ecosystems 6: 773–785.
CURRIE, W. S., J. D. ABER, W. H. MCDOWELL, R. D. BOONE, AND A. H. MAGILL. 1996. Vertical transport of dissolved organic C and N under longterm N amendments in pine and hardwood forests. Biogeochemistry
35: 471–505.
DERRY, L. A., A. C. KURTZ, K. ZIEGLER, AND O. A. CHADWICK. 2005. Biological control of terrestrial silica cycling and export ﬂuxes to watersheds.
Nature 433: 728–731.
DOLLAR, S. J., AND M. J. ATKINSON. 1992. Effects of nutrient subsidies from
groundwater to nearshore marine ecosystems off the island of Hawaii.
Estuar. Coast. Shelf Sci. 35: 409–424.
ELLIOT, S. R., R. J. NAIMAN, AND P. A. BISSON. 2004. Riparian inﬂuences on
the biophysical characteristics of seston in headwater streams. Northwest Sci. 78: 150–157.
FLECKER, A. S., B. W. TAYLOR, E. S. BERNHARDT, J. M. HOOD, W. K. CORNWELL, S. R. CASSATT, M. J. VANNI, AND N. S. ALTMAN. 2002. Interactions between herbivorous ﬁshes and limiting nutrients in a tropical
stream ecosystem. Ecology 83: 1831–1844.
GALLOWAY, J. N., J. D. ABER, J. W. ERISMAN, S. P. SEITZINGER, R. W. HOWARTH,
E. B. COWLING, AND B. J. COSBY. 2003. The nitrogen cascade. Bioscience 53: 341–356.
GARCIA-MONTIEL, D. C., AND D. BINKLEY. 1998. Effect of Eucalyptus saligna
and Albizia falcataria on soil processes and nitrogen supply in Hawai’i.
Oecologia 113: 547–556.
GOLDMAN, C. R. 1961. The contribution of alder trees (Alnus tenuifolia) to
the primary production of Castle Lake, California. Ecology 42:
282–288.
HDOH. 2009. Amendment and compilation of chapter 11–54, Hawaii administrative rules.
HECKY, R. E., AND P. KILHAM. 1988. Nutrient limitation of phytoplankton in
freshwater and marine environments: A review of recent evidence on
the effects of enrichment. Limnol. Oceanogr. 33: 796–822.
HEDIN, L. O., E. N. J. BROOKSHIRE, D. N. L. MENGE, AND A. R. BARRON.
2009. The nitrogen paradox in tropical forest ecosystems. Annu. Rev.
Ecol. Syst. 40: 613–635.
HERNADEZ, O., R. W. MERRITT, AND M. S. WIPFLI. 2005. Benthic invertebrate
community structure is inﬂuenced by forest succession after clearcut
logging in southeastern Alaska. Hydrobiologia 533: 45–59.

Albizia Invasion Alters Stream Water Quality

HUGHES, R. F., AND J. S. DENSLOW. 2005. Invasion by a N2-ﬁxing tree alters
function and structure in wet lowland forests of Hawai’i. Ecol. Appl.
15: 1615–1628.
HUGHES, R. F., AND A. UOWOLO. 2006. Impacts of Falcataria moluccana invasion
on decomposition in Hawaiian lowland wet forests: The importance
of stand-level controls. Ecosystems 9: 977–991.
HUGHES, R. F., A. UOWOLO, AND T. P. TOGIA. 2012. Recovery of native forest
after removal of an invasive tree, Falcataria moluccana, in American
Samoa. Biol. Invasions 14:1393–1413.
HURD, T. M., AND D. J. RAYNAL. 2004. Comparison of nitrogen solute concentrations within alder (Alnus incana ssp. rugosa) and non-alder dominated
wetlands. Hydrol. Process. 18: 2681–2697.
JACOBS, S. M., N. E. PETTIT, AND R. J. NAIMAN. 2007. Nitrogen ﬁxation by
the savanna tree Philenoptera violacea (Klotzsch) Schrire (Apple leaf) of
different ages in a semi-arid riparian landscape. S. Afr. J. Bot. 73:
163–167.
JAYNES, D. B., T. S. COLVIN, D. L. KARLEN, C. A. CAMBARDELLA, AND D. W.
MEEK. 2001. Nitrate loss in subsurface drainage as affected by nitrogen fertilizer rate. J. Environ. Qual. 30: 1305–1314.
JOVANOVIC, N. Z., S. ISRAEL, G. TREDOUX, L. SOLTAU, D. Le MAITRE, F. RUSINGA, A. ROZANOV, AND N. van der MERWE. 2009. Nitrogen dynamics in
land cleared of alien vegetation (Acacia saligna) and impacts on groundwater at Riverlands Nature Reserve (Western Cape, South Africa).
Water SA 35: 37–44.
KAYE, J. P., S. C. RESH, M. W. KAYE, AND R. A. CHIMNER. 2000. Nutrient and
carbon dynamics in a replacement series of Eucalyptus and Albizia
trees. Ecology 81: 3267–3273.
LAPERRIERE, J. 1995. Rifﬂe algal ecology of small streams during the rainy season: Islands of Hawai’i, Maui, and Oahu. Trop. Ecol. 36: 59–72.
MATSON, P. A., W. H. MCDOWELL, A. R. TOWNSEND, AND P. M. VITOUSEK.
1999. The globalization of N deposition: Ecosystem consequences in
tropical environments. Biogeochemistry 46: 67–83.
MCDOWELL, W. H., W. CURRIE, J. D. ABER, AND Y. YANO. 1998. Effects of
chronic nitrogen amendments on production of dissolved organic carbon and nitrogen in forest soils. Water Air Soil Poll. 105: 175–182.
MICHAUD, J., AND T. WIEGNER. 2011. Stream nutrient concentrations on the
windward coast of Hawai’i Island and their relationship to watershed
characteristics. Pac. Sci. 65: 195–217.
MINEAU, M. M., C. V. BAXTER, AND A. M. MARCARELLI. 2011. A non-native
riparian tree (Elaeagnus angustifolia) changes nutrient dynamics in
streams. Ecosystems 14: 353–365.
MORRIS, M. R., AND J. A. STANFORD. 2011. Floodplain succession and soil
nitrogen accumulation on a salmon river in southwestern Kamchatka.
Ecol. Monogr. 81: 43–61.
NEILL, C., L. A. DEEGAN, S. M. THOMAS, AND C. C. CERRI. 2001. Deforestation for pasture alters nitrogen and phosphorus in small Amazonian
streams. Ecol. Appl. 11: 1817–1828.
NELSON, R. E. 1965. A record of forest plantings in Hawaii. U.S. Forest Service Resource Bulletin, Paciﬁc Southwestern Research Station, Albany,
California.
REYES, F. M., M. E. GOBBI, AND E. E. CHAIA. 2011. Reproductive ecology of
Ochetophila trinervis in Northwest Pantagonia. Funct. Plant Biol. 38:
720–727.
RICHARDSON, J. S., C. R. SHAUGHNESSY, AND P. G. HARRISON. 2004. Litter
breakdown and invertebrate association with three types of leaves in a
temperate rainforest stream. Arch. Hydrobiol. 159: 309–325.
RINGUET, S., AND F. T. MACKENZIE. 2005. Controls on nutrient and phytoplankton dynamics during normal ﬂow and storm runoff conditions,
Southern Kaneohe Bay, Hawai’i. Estuaries 28: 327–337.
ROTHE, A., K. CROMACK, S. C. RESH, F. MAKINECI, AND Y. SON. 2002. Soil carbon and nitrogen changes under Douglas-ﬁr with and without red
alder. Soil Sci. Soc. Am. J. 66: 1988–1995.
SAKAMAKI, T., AND J. S. RICHARDSON. 2007. Retention, breakdown, and biological utilization of deciduous tree leaves in an estuarine tidal ﬂat of

417

southwestern British Columbia. Canada. Can. J. Fish. Aquat. Sci. 65:
38–46.
SAMPAIO, A., R. CORTES, AND C. LEAO. 2001. Invertebrate and microbial colonization in native and exotic leaf litter species in a mountain stream.
Int. Rev. Hydrobiol. 86: 527–540.
SANDERSON, M. 1993. Prevailing trade winds: Weather and climate in Hawai’i,
University of Hawai’i Press, Honolulu.
SCOTT, M. L., P. L. NAGLER, E. P. GLENN, C. VALDES-CASILLAS, J. A. ERKER,
E. W. REYNOLDS, P. B. SHAFROTH, E. GOMEZ-LIMON, AND C. L. JONES.
2009. Assessing the extent and diversity of riparian ecosystems in
Sonora. Mexico. Biodivers. Conserv. 18: 247–269.
SIGLEO, A. C., W. E. FRICK, AND L. PRIETO. 2010. Red Alder (Alnus rubra) distribution inﬂuences nitrate discharge to coastal estuaries: Comparison
of two Oregon watersheds. Northwest Sci. 84: 336–350.
SPENGLER, S. R., AND M. O. GARCIA. 1988. Geochemistry of the Hawi lavas,
Kohala Volcano. Hawaii. Contrib. Mineral Petrol. 99: 90–104.
ter STEEGE, H., N. C. A. PITMAN, O. L. PHILLIPS, J. CHAVE, D. SABATIER, A.
DUQUE, J.-F. MOLINO, M.-F. PRÉVOST, R. SPICHIGER, H. CASTELLANOS,
P. von HILDEBRAND, AND R. VaSQUEZ. 2006. Continental-scale patterns
of canopy tree composition and function across Amazonia. Nature
443: 444–447.
STEINBERG, P. D., M. T. BRETT, J. S. BECHTOLD, J. E. RICHEY, L. M. PORENSKY,
AND S. N. SMITH. 2011. The inﬂuence of watershed characteristics on
nitrogen export to and marine fate in Hood Canal, Washington, USA.
Biogeochemistry 106: 415–433.
STODDARD, J. L. 1994. Long-term changes in watershed retention of nitrogen: Its causes and aquatic consequences. In L. A. Baker (Ed.).
Advances in chemistry series 237: Environmental chemistry of lakes
and reservoirs, pp. 223–284. American Chemical Society, Washington,
D.C.
STOTTLEMYER, R. 1992. Nitrogen mineralization and streamwater chemistry,
Rock Creek watershed, Denali National Park, Alaska, U.S.A. Arctic
Alpine Res. 24: 291–303.
TASSIN, J., H. RANGAN, AND C. A. KULL. 2012. Hybrid improved tree fallows:
Harnessing invasive woody legumes for agroforestry. Agroforest. Syst.
84: 417–428.
TATE, C. M. 1990. Patterns and controls of nitrogen in tallgrass prairie
streams. Ecology 71: 2007–2018.
VERBURG, P. S. J., D. W. JOHNSON, AND R. HARRISON. 2001. Long-term nutrient
cycling patterns in Douglas-ﬁr and red alder stands: A simulation
study. Forest Ecol. Manag. 145: 203–217.
VESTGARDEN, L. S., G. ABRAHAMSEN, AND A. O. STUANES. 2001. Soil solution
response to nitrogen and magnesium application in a Scots Pine
forest. Soil Sci. Soc. Am. J. 65: 1812–1823.
VITOUSEK, P. M. 2004. Nutrient cycling and nutrient limitation: Hawai’i as a
model system, Princeton Press, Princeton, New Jersey.
VITOUSEK, P. M., J. D. ABER, R. W. HOWARTH, G. E. LIKENS, P. A. MATSON, D.
W. SCHINDLER, W. H. SCHLESINGER, AND D. TILMAN. 1997. Human
alteration of the global nitrogen cycle: Sources and consequences.
Ecol. Appl. 7: 737–750.
VITOUSEK, P. M., AND L. R. WALKER. 1989. Biological invasion by Myrica Faya
in Hawai’i: Plant demography, nitrogen ﬁxation, ecosystem effects.
Ecol. Monogr. 59: 247–265.
VOLK, C. J., P. M. KIFFNEY, AND R. L. EDMONDS. 2003. Role of riparian red
alder in the nutrient dynamics of coastal streams of the Olympic Peninsula, Washington, USA. Am. Fish. S. S. 34: 213–225.
VOLK, C. J., P. M. KIFFNEY, AND R. L. EDMONDS. 2008. Nutrient limitation in
red alder (Alnus rubra) and conifer forested streams of western Washington State, U.S.A. Am. Midl. Nat. 159: 190–199.
WAGNER, W. L., D. R. HERBST, AND S. H. SOHMER. 1999. Manual of the ﬂowering plants of Hawaii, University of Hawaii Press, Honolulu.
WALLACE, J. B., S. L. EGGERT, J. L. MEYER, AND J. R. WEBSTER. 1999. Effects
of resource limitation on a detritial-based ecosystem. Ecol. Monogr.
69: 409–442.

418

Wiegner, Hughes, Shizuma, Bishaw, and Manuel

WIPFLI, M. S., AND J. MUSSLEWHITE. 2004. Density of red alder (Alnus rubra) in
headwaters inﬂuences invertebrate and detritus subsidies to downstream ﬁsh habitats in Alaska. Hydrobiologia 520: 153–163.
WOLFE, E. W., AND J. MORRIS. 1996. Geologic map of the island of Hawai’i,
U.S. Geological Survey Map I-2524-A, Miscellaneous Investigations
Series, Reston, Virginia.
WONDZELL, S. M., AND F. J. SWANSON. 1996. Seasonal and storm dynamics of
the hyporheic zone of a 4th-order mountain stream. II: Nitrogen
cycling. J. North Am. Benthol. Soc. 15: 20–34.

WOODCOCK, D. 2003. To restore the watershed: Early twentieth-century tree
plantings in Hawai’i. Ann. Assoc. Am. Geogr. 93: 624–635.
WRIGHT, R. F., AND N. van BREEMAN. 1995. The NITREX project: An
introduction. Forest Ecol. Manag. 71: 1–6.
ZECH, W., G. GUGGENBERGER, AND H.-R. SCHULTEN. 1994. Budgets and chemistry of dissolved organic carbon in forest soils: Effects of anthropogenic soil acidiﬁcation. Sci. Total Environ. 152: 49–62.

