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Abstract
Riparian leaf litter is a major source of allochthonous organic material to temperate and tropical 
streams, promoting primary and secondary productivity in lotic and near-shore habitats. In 
tropical island streams, where native leaf-shredding macroinvertebrates are absent, physical 
fragmentation from stream flow is an important factor affecting leaf litter breakdown, and thus, 
organic matter dynamics. Additionally, the invasion of exotic plants into riparian areas is 
expected to affect litter composition, and consequently, its degredation. We compared the 
interactions of stream flow and inputs of leaf litter from native and exotic plants on leaf litter 
breakdown in two streams of varying flows on Hawai‘i Island. Decay rates were greater in the 
high flow stream compared to the low flow one for exotic Spathodea campanulata (0.037 versus 
0.023 d-1), but not significantly different for exotic Psidium cattleianum (0.003 versus 0.003 d-1), 
and native Metrosideros polymorpha (0.005 versus 0.002 d-1). In contrast, the exotic Falcataria 
moluccana (a nitrogen fixer) decomposed more rapidly in the low flow stream (0.017 d-1) than in
the high flow stream (0.010 d-1). Breakdown rates also varied among species, with S. 
campanulata  > F. moluccana  > M. polymorpha  > P. cattleianum. Breakdown rates were 
generally positively correlated to leaf nitrogen content and negatively correlated with leaf 
structure characteristics (toughness, organic carbon content, % lignin). Our findings indicate that 
stream flow regimes altered by climate change are likely to influence leaf litter decomposition, 
and S. campanulata and F. moluccana will likely impact organic matter dynamics in Hawaiian 
and other Pacific Island streams. However, predicted changes depend on the species composition
of riparian leaf litter.
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Introduction

Riparian vegetation contributes allochthonous organic material to rivers and is an important 

source of carbon and nutrients to lotic ecosystems (Webster and Meyer 1997, Meyer et al. 1998, 

Moretti et al. 2007). Leaf litter decomposition within streams is driven by physical and biological

processes leading to the reduction, chemical, and physical transformation and consumption of 

litter material (Peterson and Cummins 1974, Webster and Benfield1986). The initial breakdown 

of litter material produces particulate organic matter (POM), an important food source for many 

lotic fauna, and dissolved organic matter (DOM), a source of carbon and nutrients for bacteria, 

fungi, and algae (Ward 1986). POM and DOM exported to nearshore environments also support 

estuarine metabolism (Schlesinger and Melack 1981, Wiegner et al. 2009, Atwood et al. 2012) 

and marine food webs (Mann and Lazier 1991, Polis and Hurd1996, Sakamaki and Richardson 

2008). Reduced export, in both the amount and quality, of organic matter to streams and 

nearshore coastal areas is expected to negatively impact these ecological processes. 

Stream flow provides an important control on leaf litter breakdown in temperate and tropical 

stream ecosystems. This is especially true in remote tropical island streams where shredding 

stream invertebrates are generally lacking (Resh and Deszalay 1995, Larned 2000, Benstead et 

al. 2009, MacKenzie et al. 2013). Hence, in tropical islands, stream flow is the primary 

mechanism that mechanically fragments leaf litter into finer particulate and dissolved forms that 

are more readily available for consumption by invertebrates and microbes (Benstead et al. 2009, 

MacKenzie et al. 2013). Stream flow can influence the residence time of litter, which affects the 

colonization of litter by bacterial and fungal communities that breakdown leaf structural 

compounds (Dubey et al. 1995, Larned 2000, Chadwick et al. 2006, Gaudes et al. 2009). This 

suggests that future changes in stream flow (e.g., increased length and severity of drought 

leading to lower flows or more frequent, larger magnitude flood events) will impact leaf litter 
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breakdown, organic matter dynamics, and the many stream and near-shore processes that rely on 

them.

The invasion of riparian areas by exotic plant species is another factor that is expected to impact 

leaf litter breakdown and organic matter dynamics in tropical island streams. Changing species 

composition may alter the quantity, quality, and timing of litter production. Throughout the 

tropical Pacific (e.g., Hawai’i, Guam, American Samoa, Pohnpei), native riparian plant species 

are quickly being displaced by exotic invasive species (Denslow et al. 2009,  Hughes et al. 

2012). Shifts in litter inputs can alter stream microbial, fungal, and invertebrate communities 

(Royer et al. 1999, Thompson and Townshend 2003). In Hawai’i, native riparian forests 

dominated by Metrosideros polymorpha (ohia), Acacia koa (koa), and Dicranopteris linearis 

(uluhe fern) are being rapidly replaced by exotic stands of Psidium cattleianum (strawberry 

guava), Falcataria moluccana (albizia), and/or Spathodea campanulata (African tulip) (Meyer 

2000, Asner et al. 2008).  Previous studies have found that some of these exotic plant species 

have faster growth rates (Hughes and Denslow 2005), greater litter inputs to streams, and faster 

litter degradation rates with consequences for stream water chemistry (Atwood et al. 2010, 

Wiegner and Tubal 2010, MacKenzie et al. 2013, Wiegner et al. 2013a). The higher litter 

production of these exotic trees coupled with intrinsic differences in litter quality and structure 

are expected to impact leaf litter decomposition and organic matter cycling. In particular, F. 

moluccana and S. campanulata have more nitrogen (N)-rich leaves with lower % tannin content 

compared to M. polymorpha (Odoh et al. 2012, MacKenzie et al. 2013), and is therefore, 

expected to decompose faster. 

While the decomposition of the exotic F. moluccana is known to alter stream nutrient dynamics 

compared to the native M. polymorpha (Wiegner et al. 2013a), F. moluccana is not the only 

exotic species invading riparian forests. We examined how differing stream flow (high vs. low) 
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affects the decomposition rate of leaf litter from one native (M. polymorpha) and three exotic, 

invasive tree species (P. cattleianum, F. moluccana, S. campanulata). All leaves were expected to

breakdown faster in the high flow stream compared to the low flow stream. Additionally, we 

hypothesized that due to differences in leaf physical and chemical properties, M. polymorpha and

P. cattleianum would breakdown slower than F. moluccana or S. campanulata.

MATERIALS AND METHODS

Site Description

Study sites were selected in two streams at similar elevations (400-500 m above sea level), 

underlying geomorphology (USDA, 2010), and surrounding land-cover on the windward side of 

Hawai‘i Island (Fig. 1). Three stations were selected in each stream with similar water depths 

and velocities, although depths varied substantially with flow. The high flow stream, Kolekole, 

was located 19.3 km north of Hilo and the upstream watershed receives 6426 mm of mean 

annual rainfall (MAR), while the low flow site, Makahiloa, was located 33.8 km north of Hilo, 

and receives 4663 mm MAR (Giambelluca et al. 2013). Both sites were directly downstream 

from a large plunge pool, and located in runs with consistent bed material composed mostly of 

cobble and gravel (Foulk, unpublished data). For more detailed site descriptions, see Strauch et 

al. (2015).

<<Fig. 1 near here>>

Stream Characteristics

Stream stage was monitored at 15 min intervals using HOBO™ logger pressure transducers 

(Onset Corporation, Bourne, MA) and stream flow was calculated using a rating curve developed

for each stream (Strauch et al. 2015). Mean flow, low flow (Q90), and high flow (Q10) were 
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calculated for the study period as the average, 90th percentile (low), and 10th percentile (high) 

size flows, respectively. Flow variability was calculated over this interval as Q90:Q10. Stream 

water temperature was also measured at 15 min intervals by the pressure transducers and the 

daily mean, minimum, and maximum temperatures calculated for the study period. Filtered (0.7-

µm Whatman G/F filter) water samples were collected at monthly intervals from each stream, 

placed on ice in the field, and stored frozen in the laboratory until analysis. Samples were 

analyzed for sum nitrate + nitrite (ΣNO3-), ammonium (NH4+), phosphate (PO4-3), dissolved 

organic carbon (DOC), and total dissolved nitrogen (TDN). ΣNO3- [USEPA 353.4, detection 

limit (d.l.) 0.1 µmol L-1], NH4+ [USGS I-2525, d.l. 1 µmol L-1], PO43- (USEPA 365.5, d.l. 0.1 

µmol L-1) were analyzed on a Technicon Pulse II Autoanalyzer.  DOC and TDN were analyzed 

by high-temperature combustion (Shimadzu TOC-V, TNM-1, d.l. 10 µmol L-1 and 5 µmol L-1, 

respectively). All nutrient samples were analyzed within two weeks of collection at the 

University of Hawai‘i at Hilo (UHH) Analytical Laboratory.  Dissolved oxygen (DO) was 

measured in the field using a YSI™ 85 probe (YSI Corp., Yellow Springs, OH). 

Leaf Collection

Leaf litter was collected weekly from tarps placed under each tree species between September 

and November 2011. Psidium cattleianum and S. campanulata grow in stands of multiple 

individuals resulting in one tarp collecting leaves from several trees. In contrast, tarps for M. 

polymorpha and F. moluccana collected leaves from individual trees.  Once collected from tarps, 

leaves were air-dried for 30-60 d and sorted for whole leaves, removing sticks, stems, and seeds. 

Leaves were then stored in paper bags in a cool, dry place. 
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Leaf Analyses

Subsamples (n = 6) of each species were ground up, weighed, combusted at 500°C for 3 hours, 

and then reweighed to determine percent organic matter (Benfield 2007). A penetrometer was 

used to determine leaf toughness (n = 6) by measuring the force (g) needed to puncture fresh leaf

tissue with a 0.79-mm punch (Pearson and Connolly 2000). Subsamples (n  = 6) were also 

analyzed for percent carbon (%C) and nitrogen (%N) content using a Costech™ model elemental

analyzer (Costech Analytical Technologies, Inc., Valencia, USA) at the University of Hawai‘i at 

Hilo (UHH) Analytical Laboratory. Ground samples were separately analyzed for carbon 

fractions (soluble cell contents, hemicellulose and bound proteins, cellulose, and lignin) using an 

Ankom A200 Fiber Analyzer at the Carnegie Institute for Science at Stanford University 

(Rowland and Roberts 1994). One-half gram samples were placed in Ankom filter bags in a 

neutral detergent (to remove soluble cellular contents), followed by an acid detergent (to remove 

hemicellulose). Then, a 3-h 72% sulfuric acid soak removed cellulose. Residual material (lignin 

and ash) was combusted at 550 °C for 4 h to determine ash content.

Experimental Setup

Approximately 5.00 g (weighted to the nearest 0.01 g) of each species was placed in an 

individual, 1-mm mesh, 10.5-cm x 13-cm nylon litterbag. Litterbags with a small mesh size were

used due to the small size of F. moluccana leaves, and as previous studies in Hawaiian streams 

found that decomposition was largely due to microbial activity and physical fragmentation, not 

from shredders that might be excluded from a small mesh bag (Larned 2000, MacKenzie et al. 

2013). Twenty-four litterbags of each species were deployed in each stream in January 2012. 

Eight bags of each species were attached by cable ties to each of three 4.57-m chains and secured

to pieces of rebar hammered into the stream bed. Three bags were collected from each stream at 
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1, 3, 7, 15, 37, 59, 120, and 240 d after initial deployment. The length of deployment was based 

on decomposition of tropical leaves in previous experiments in Hawai‘i (MacKenzie et al. 2013).

On each collection day, one litterbag of each replicate chain for each species was randomly 

selected, removed from each chain, and placed in a plastic bag and bucket for transport back to 

the laboratory (n = 3 per species per site per date). Six additional bags of each species were used 

as transport controls and were carried to the stream on the initial day of deployment and returned

to the laboratory where they were rinsed, oven dried at 70°C, and reweighed. The ratio of air-

dried to oven-dried mass of these transport controls were then used to convert the initial air-dry 

weights of all leaf samples deployed in the streams to initial oven-dried weights. These transport 

controls also corrected for any initial leaf mass lost due to transport or handling in the field or 

laboratory.

After returning to the laboratory, leaves were removed from litterbags and immediately rinsed in 

a 0.25-mm sieve with cold tap water to remove sediments, algae, and micro-invertebrates that 

may have accumulated. Organisms larger than 0.25-mm were removed from the samples by 

hand. Samples were then dried in a 70°C oven to a constant mass (~ one week) and weighed to 

the nearest 0.01 mg to determine dry mass. The organic fraction of leaf mass was determined by 

combusting approximately 0.5 g of ground sample (weighted to the nearest 0.01 mg) at 500°C 

for 3 h. Subtracting the mass of mineral ash from the initial dry mass provided the ash free dry 

mass (AFDM) of each sample. Percent (%) remaining AFDM was calculated by dividing the 

AFDM of each sample at collection by the initial AFDM. Some bags were missing following 

high flow events: one bag from each species was missing from Kolekole and two bags from each

species (except only one from M. polymorpha) were missing from Makahiloa. Missing values 

resulted in n = 2 for that particular species, site, and date of litterbag collection.
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Statistical Analysis

Mean (± SE) concentration of each water parameter was calculated and differences between 

streams were determined using a two-tailed unequal-variance t-test. A one-way Analysis of 

Variance (ANOVA) was used to determine differences in nutrient composition (%C, %N, C:N, %

organic matter) and toughness among tree species. 

The mean (± SE) % remaining AFDM was plotted against time for each leaf litter species for 

each stream. Leaf litter decay constants (k) were calculated as the exponent coefficient in the 

two-parameter exponential decay regression model for each replicate of each species (Olson 

1963). Differences in mean k values were determined using a fully fixed two-way ANOVA to 

examine the effect of stream flow (high vs. low), leaf litter species (M. polymorpha, F. 

moluccana, S. campanulata, and P. cattleianum), and their interactions. We acknowledge that 

replications within streams represent a level of pseudoreplication; however, a larger scale study 

was not feasible and replication of stream flow conditions across multiple streams is not possible

as they do not exist. Following a significant interaction effect, we tested the hypothesis that litter 

breakdown would be greater in the higher flowing stream for each species using a one-sided 

unequal-variance t-test. Relationships between k and leaf characteristics were examined using a 

Spearman correlation for each stream.  All analyses were completed using SigmaPlot (ver 12.0, 

Systat Software, San Jose, CA) with an a = 0.05. 

RESULTS

Stream Characteristics

Low (Q90) and storm flows (Q10) were 1.8x and 4.4x greater, respectively, in Kolekole stream 

compared to Makahiloa stream (Table 1). During the first 14 days of the experiment, a drought 

resulted in the mean flow in Makahiloa of < 0.01 m3 s-1 compared to 0.15 m3 s-1 for Kolekole, 

8



while the mean flow for the whole study for the two streams was 1.05 m3 s-1 and 1.79 m3 s-1, 

respectively. Flow variability (Q10:Q90) was greater in Kolekole (11.07) compared to Makahiloa 

(4.42). Nutrient concentrations were similar between streams (Table 1). Average, minimum, and 

maximum stream water temperatures were each significantly (P < 0.01) different between the 

streams, with Makahiloa consistently warmer than Kolekole.

<<Table 1 near here>>

Leaf Characteristics

Among tree species, there were significant differences in leaf toughness (F = 56.7, df = 3, 20, P 

< 0.001), % organic matter (F = 105.3, df = 3, 20, P < 0.001), %C content (F = 10.5, df = 3, 20, 

P < 0.001), and %N content (F = 180, df = 3,20, P < 0.001) (Table 2). Toughness values were 

similar for M. polymorpha and P. cattleianum, but both species were about 4x tougher (p < 0.05) 

than both F. moluccana and S. campanulata, which had similar leaf toughness. Percent organic 

matter was greatest in M. polymorpha (~95%) followed by F. moluccana, P. cattleianum, and S. 

campanulata, with no significant differences between F. moluccana and P. cattleianum. Percent 

C content in S. campanulata (~37%) was ~1.3x less than the other three species (p < 0.05). M. 

polymorpha and P. cattleianum had similar %N content (~0.5%), while %N content in S. 

campanulata and F. moluccana was 3.6x and 2.5x greater, respectively (P < 0.05). There was 

also a significant difference in C:N among species (F = 306, df = 3,20, P < 0.001), with M. 

polymorpha having the highest C:N followed by P. cattleianum, S. campanulata, and F. 

moluccana (Table 2). 

<<Table 2 near here>>
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Decomposition Rates

There was a significant species effect (F = 124.38, df = 3,3, P < 0.0001) and a stream x species 

interaction (F =14.71, df = 3,3, P < 0.001), but only a trend in stream flow effect (F = 3.675 df = 

3,3, P = 0.073) for the decay constants.  Decay constants in both streams were greatest for S. 

campanulata, followed by F. moluccana, P. cattleianum, and M. polymorpha, with  no significant

difference between  S. campanulata and F. moluccana in the low flow stream, or between P. 

cattleianum and M. polymorpha for either stream (Figs. 2 and 3). Significant interactions 

between streams and litter species were due to leaf litter decomposition being nearly 2x slower in

the low flow stream for S. campanulata (t  = 3.56, df = 4,  P < 0.05), but almost 2x faster for F. 

moluccana (t  = 4.76, df = 4,  P < 0.05) than in the high flow stream. Leaf litter decomposition 

was also nearly 2x slower for M. polymorpha in the lower flowing stream, although this was not 

significant (t = 1.71 df = 4, P = 0.08). There was no significant difference in the decay constants 

of P. cattleianum between streams (t = 0.3, df = 4, P = 0.39). Decay constants were negatively 

correlated to leaf toughness, %N, and C:N in the high flow and low flow streams (Table 3). 

Toughness was negatively correlated with %N (ρ = 1.0, P < 0.001) and C:N (ρ = 1.0,  P < 0.001).

<<Fig. 2 and Fig. 3 near here>>

<<Table 3 near here>>

DISCUSSION

Species differences in litter breakdown

Variations in litter decomposition among tree species can be largely attributed to differences in 

the initial litter quality of those species (Kueffer et al., 2008). We found no difference between 

the decomposition rates of the M. polymorpha and P. cattleianum, which could have been due to 

their relatively close phylogenetic lineage (Myrtaceae family) (Wagner et al. 1999), with similar 
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toughness values and chemical composition (Table 2). Breakdown rates of S. campanulata and F.

moluccana litter were nearly 5-10x faster than the other two species in either stream, related to 

initial differences in structural composition (e.g., tannins, lignin, cellulose) or nutrient (e.g., %N) 

content (Gonçalves Jr. et al. 2006, Martin et al. 2010, Walpola et al. 2011). Leaf structural 

characteristics are important factors that can retard litter breakdown in tropical streams 

(Gonçalves Jr. et al. 2007, Li et al. 2009, MacKenzie et al. 2013,). The two invasive species 

which decomposed fastest had the highest foliar N content (highest %N and lowest C:N), a factor

known to affect litter quality. The significantly higher %N content and lower C:N ratios of S. 

campanulata and F. moluccana suggests that they also provide a higher quality substrate for 

fungal and bacterial colonization.

Only litter from the N2-fixing species F. moluccana decomposed faster in the low flow stream 

compared to the high flow stream. Falcataria moluccana litter has a greater %N content 

compared to the other species, and previous research has shown that F. moluccana leaf litter is 

colonized faster by fungi, supports up to 120% more fungal biomass, and breaks down 40% 

faster than native M. polymorpha leaves in Hawaiian streams (MacKenzie et al. 2013). 

Differences in the molecular composition of F. moluccana litter may make it more vulnerable to 

damage from ultraviolet light (Burger and Edwards 1996, Krause et al. 2003), and thus, more 

likely to decay in certain conditions, such as during low flow periods when water levels are 

shallow.  It is possible that higher stream water temperatures may have affected the 

decomposition of smaller leaves more than larger leaves, as F. moluccana leaves are 5-10x 

smaller than the other leaves studied here, and the low flow stream had significantly higher mean

daily temperatures. 

Species specific chemical and physical properties can alter the rate of microbial decomposition 

(Cornelissen et al. 1999, Kominoski et al. 2009). High soluble C content retards litter 
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decomposition, while higher %N and lower C:N ratios result in greater microflora colonization 

and activity leading to higher rates of decomposition (Webster and Benfield 1986, Suberkropp 

and Chauvet 1995). Metrosideros polymorpha had greater toughness, % cellulose and soluble 

cell contents compared to F. moluccana, while F. moluccana had the greatest % lignin, 

suggesting that the physical defenses of M. polymorpha may limit decomposition by microbial 

pathogens. There were negative correlations between decay constants (k), toughness, and C:N in 

both streams, but only a significant negative correlation between k with % organic matter and 

%C in the high flow stream. Further, only in the low flow stream was there a significant positive 

correlation with litter decomposition rates and %N leaf content. Riparian vegetation is an 

important contributor of organic material to stream systems and changes in riparian species 

composition can alter carbon and nutrients inputs to freshwater and nearshore ecosystems 

(Bailey et al. 2001, Compton et al. 2003, Wiegner and Tubal 2010, MacKenzie et al. 2013).

Considering only leaf structural and nitrogen composition, replacement of native species (M. 

polymorpha) with closely related exotic species (P. cattleianum) may not have much impact on 

lotic systems. However, potential differences in the quantity and seasonality of litter production 

among introduced species must be addressed to better understand how shifts in riparian species 

composition will influence freshwater nutrient dynamics (Wiegner and Tubal 2010). Previous 

work has demonstrated that native Hawaiian forests have a more open canopy compared with 

invaded forests (Ostertag et al. 2009), with some seasonality in litter production (Vitousek et al. 

1995). Comparing the quantity of litter produced in P. cattleianum forests with native M. 

polymorpha forests could elucidate such effects. Other exotic forest species are likely to 

influence both the quantity and quality of decomposition products. Binkley et al. (1992) 

demonstrated that F. moluccana litter production may peak in December, but the degree to which

this is influenced by climate is unknown. This type of information with regards to leaf litter 
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inputs, as well as the bioavailability of DOC leached from F. moluccana, P. cattleianum, and M. 

polymorpha suggests that these invasive trees can contribute 5-13x more bioavailable DOC – 

potentially altering nutrient and organic matter dynamics, as well as the food webs that depend 

on this vegetation as an energy and food source (Wiegner and Tubal 2010).

Differences in leaf litter breakdown between streams

Previous studies have found a decrease in the physical fragmentation of litter in lower and/or less

constantly flowing streams (Maamri et al. 1997, Gonçalves Jr. et al. 2006). Similarly, Larned 

(2000) found that the export of coarse particulate organic matter decreased under decreasing flow

conditions compared to normal conditions in Hawaiian streams. Contrary to expectations, we 

found only one species (S. campanulata) with a decomposition rate faster in the high flow 

stream. At the low flow site, litter bags were in shallower water, and exposed to higher stream 

water temperatures, all of which may have confounded these results, as warmer water increases 

decomposition. Additionally, a small mesh size may have slowed the physical fragmentation of 

leaves in this study compared to other studies that used a larger size, but the relatively small leaf 

size of species used here prohibited use of a larger mesh, and all leaves should have been 

similarly affected by the mesh size in our experiment. Despite running the experiment to 240 

days, the slow breakdown of P. cattleianum and M. polymorpha resulted in high variation, 

especially in the last sample collection, and substantial amounts of leaf material remaining in 

most of the bags. An additional experiment over an extended duration and resulting in a greater 

loss of leaf material for these slower decomposing species might improve our calculation of 

decomposition rate.

13



Potential impacts of climate change on leaf litter breakdown

The breakdown of leaf litter in temperate and tropical continental streams is largely attributed to 

the macroinvertebrate community (Webster and Benfield 1986, Wallace et al. 1997, Gessner et 

al. 1999, Boyero et al. 2006), where shredders breakdown leaf material into fine and dissolved 

organic matter fractions that can then support other trophic guilds. The remote nature of tropical 

island streams, like those in Hawai‘i, generally results in the absence of invertebrates from the 

shredding trophic guild (Resh and Deszalay 1995, Yule 1996,  Larned 2000, MacKenzie et al. 

2013). As a result, leaf litter breakdown in these regions is heavily influenced by physical 

fragmentation of stream flow coupled with microbial activity (MacKenzie et al. 2013). 

Therefore, changes in stream flow should greatly affect leaf litter decomposition rates in these 

locations.

In Hawai’i, climate change is expected to influence rainfall through fewer, but more 

intense storm events and increased number of dry days between storm events (Solomon et al. 

2007, Chu and Chen 2010, Timm et al. 2011). For example, in Hawai‘i, a 10% decrease in 

stream flow over the last 30 years has been observed, and in part, attributed to decreased rainfall 

(Bassiouni and Oki 2012).  Organic matter concentrations are highly dependent on stream flow 

conditions (Wiegner et al. 2013b) and because stream flow is such an important driver in leaf 

litter breakdown in tropical island streams, climate driven changes to watershed hydrology are 

expected to influence future nutrient and organic matter dynamics. Further, concurrent climate 

change-aided alterations in riparian vegetation (e.g., plant species composition change), which in

some cases will decrease stream flow, are expected to affect stream ecosystem dynamics (Davis 

2013). While our study design could not effectively isolate how the individual effects of 

decreased baseflow and increased storm flow will influence leaf litter decomposition, it did 

provide insights into how decreased streamflow overall may alter organic matter dynamics in 
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tropical island streams. In the low flow stream, there were many zero flow days, and flow was 

nearly half that of the high flow stream. Lower flows may have increased microorganism 

residence time, allowing a longer period of time for bacteria and fungi to colonize, and 

potentially influencing the breakdown rates of F. moluccana.

Implications for management

Our results suggest that changes in riparian species composition may impact nutrient and organic

matter dynamics in streams with cascading effects on important stream and nearshore processes 

(Wiegner et al. 2009; Wiegner and Tubal 2010; Atwood et al. 2012, Wiegner et al. 2013a). The 

breakdown products from some invasive, exotic leaf litter could increase the bioavailability of 

nutrients compared to native leaf litter, with consequences to food web structures (Atwood et al. 

2010; Wiegner and Tubal 2010; Wiegner et al. 2013a), although our data demonstrates that 

replacing M. polymorpha with P. cattleianum may not alter the rate of nutrient availability. 

Further, it is unclear if additional species (F. moluccana or S. campanulata) will be capable of 

supporting similar ecological functions (e.g., heterotrophic growth of biofilm, nutrient cycling, 

near-shore pelagic food webs). Understanding the long-term consequences of changing leaf litter 

composition may help guide management of riparian forests. Climate projections for Hawai‘i 

forecast continued warming and drying, with fewer, but more intense rain events resulting in 

altered streamflow regimes. Shifts in the frequency and intensity of storm flows and droughts are

expected to alter leaf litter decomposition.  However, exactly how changes in riparian leaf litter 

species composition will affect litter decomposition will depend on the species.  Hence, the 

combined effects of changes in stream flow and riparian vegetation on ecological functions in 

Hawaiian streams remains unclear 
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TABLE 1. Mean (± SE) physiochemical, nutrient, and stream flow characteristics in Makahiloa 

(low flow) and Kolekole (high flow) streams from monthly samples from February 2012 to 

September 2012, Hawai‘i Island. Results from student’s t-statistic (df = 16) for two-sided 

unequal variance t-test between streams are shown (= 0.05). DO = Dissolved Oxygen.

Makahiloa Kolekole t-statistic

DO (mg L-1) 7.96 (0.20) 7.82 (0.64) t = 0.15

NH4
+ (µM) 1.34 (0.22) 1.42 (0.31) t = 0.20

ΣNO3
- (µM) 1.04 (0.65) 0.32 (0.09) t = 1.10

PO4
-3 (µM) 0.13 (0.02) 0.15 (0.03) t = 0.55

DOC (µM) 360 (59) 314 (54) t = 0.57

TDN (µM) 19 (8) 14 (4) t = 0.52

Mean daily Temperature (°C) 19.45 (0.01) 18.15 (0.01) t = 10.18**

Min daily Temperature (°C) 18.59 (0.10) 17.25 (0.07) t = 10.78**

Max daily Temperature (°C) 20.36 (0.11) 19.11 (0.09) t = 9.01**

Q90 (m3 s-1) 0.24 0.42

Mean flow (m3 s-1) 1.05 1.79

Q10 (m3 s-1) 1.06 4.65

Q10: Q90 4.42 11.07

Depth (m) 0.24 (0.13) 0.41 (0.07)

** P < 0.01
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TABLE 2. Means (±SE) leaf toughness (g), percent organic material, percent (%) carbon (%C), % 

nitrogen (%N), carbon to nitrogen ratio (C:N) by species (n = 6). Percent carbon fractions based 

on single samples. Identical superscript letters are not statistically different (ANOVA, α = 0.05).

Characteristic M. polymorpha P. cattleianum F. moluccana S. campanulata

Leaf toughness (g) 301.1 ± 59.3a 269.8± 29.5a 69.2 ± 17.7b 88.0 ± 20.2b

% organic material 94.9 ± 0.1c 91.3 ± 0.2b 92.2 ± 0.1b 85.6 ± 0.2a

%C 45.8 ± 0.2a 44.1 ± 0.2a 45.1 ± 0.3a 36.6 ± 0.2b

%N 0.46 ± 0.03a 0.57 ± 0.04a 1.81 ± 0.07c 1.25 ± 0.05b

C:N 99.3 ± 0.3c 78.2 ± 0.4b 24.9 ± 0.1a 29.3 ± 0.2a

% soluble cell contents 51.71 62.00 37.78 61.25

% hemicellulose & 
bound proteins

5.73 6.83 6.92 9.00

% cellulose 22.7 14.86 16.71 12.97

% lignin 19.43 15.88 38.14 16.34

% ash 1.16 0.02 0.04 0.80
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TABLE 3. Spearman correlation coefficients between leaf decay constant (k) and leaf toughness 

(g), % leaf organic matter, % C, % N, or C:N ratio for in Makahiloa (low flow, n = 12) and 

Kolekole (high flow, n = 12) streams, Hawai‘i Island.

stream
Toughness

(g)
% organic

matter
% C % N C:N

low flow -0.67* -0.56 -0.56 0.67* -0.67*

high flow -0.59* -0.45 -0.45 0.59* -0.59*

*P < 0.05
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FIG. 1. Map of the windward coast, Hawai’i Island, with study sites on each river indicated by 

triangles and mean annual precipitation isohytes based on Giambelluca et al. (2013).
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FIG. 2. Mean percent (± SE) ash-free dry mass (AFDM) remaining in leaf packs (n = 3) for each 

litter species in Kolekole (high flow) and Makahiloa (low flow) streams from February 2012 to 

September 2012, Hawai‘i Island.
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FIG. 3. Comparison of mean (± SE) decay constants (k) (day-1) for four litter species in Kolekole 

(high flow) and Makahiloa (low flow) streams, Hawai‘i Island from February to September 

2012. Stars represent significant differences between streams (P < 0.05). . 

22



Literature Cited

Asner, G. P., R. F. Hughes, P. M. Vitousek, D. E. Knapp, T. Kennedy-Bowdown, J. Boardman, R.

E. Martin, and M. Eastwood. 2008. Invasive plants transform the three-dimensional stucture of 

rain forests. P. Natl. Acad. Sci. USA, 105, pp. 4519-4523.

Atwood, T. B., T. N. Wiegner, and R. A. MacKenzie. 2012. Effects of hydrological forcing on the

structure of a tropical estuarine food web, Oikos, 121, pp. 277-289.

Atwood, T. 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(3), pp. 367-379.

Bailey, J. K., J. A. Schweitzer, and T. G. Whitham. 2001. Salt cedar negatively affects 

biodiversity of aquatic macroinvertebrates, Wetlands, 21(3), pp. 442-447.

Bassiouni, M., and D. S. Oki. 2012. Trends and shifts in streamflow in Hawai’i, 1913-2008, 

Hydrol. Processes, 27(10), pp. 1484-1500.

Benfield, E. F. 2007. Decomposition of leaf material. Pages 711-720 in F. R. Hauer and G. A. 

Lamberti eds. Methods in Stream Ecology, second edition. Elsevier, New York, New York.

Benstead, J. P., J. G. March, C. M. Pringle, K. C Ewel, and J. W. Short. 2009. Biodiversity and 

ecosystem function in species-poor communities: Community structure and leaf litter breakdown

in a Pacific island stream, J. N. Am. Benthol. Soc., 28(2), pp. 466-479.

Binkley, D., K.A. Dunkin, D. DeBell, and M. G. Ryan. 1992. Production and nutrient cycling in 

mixed plantations of Ecalyptus and Albizia in Hawaii, Forest Science, 38(2), pp. 393-408.

23



Boyero, L., R. G. Pearson, and R. Camacho. 2006. Leaf breakdown in tropical streams: The role 

of different species in ecosystem functioning, Arch. Hydrogiol., 166(4), pp. 453-466.

Burger, J., and G. E. Edwards. 1996. Photosynthetic efficiency, and photodamage by UV and 

visible radiation in red versus green leaf coleus varieties, Plant Cell Physiol., 37(3), pp. 395-399.

Chadwick, M. A., D. R. Dobberfuhl, A. C. Benke, A. D. Huryn, K. Suberkropp, and J. E. Thiele. 

2006. Urbanization affects stream ecosystem function by altering hydrology, chemistry, and 

biotic richness, Ecol. Appl., 16(5), pp. 1796-1807.

Chu, P.-S., and H. Chen. 2005. Interannual and Interdecadal Rainfall Variations in the Hawaiian 

Islands. J. Climate 18, pp. 4796-4813.

Chu, P.-S., Y. R. Chen, and T. A. Schroeder. 2010. Changes in precipitation extremes in the 

Hawaiian Islands in a warming climate, J. Climate, 23, pp. 4881-4900.

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, 

pp. 773-785.

Cornelissen, J. H. C., N. Perez-Harguindeguy, S. Diaz, J. P. Grime, B. Marzano, M. Cabido, F. 

Venramini, and B. Cerabolini. 1999. Leaf structure and defence control litter decomposition rate 

across species and life forms in regional floras on two continents, New Phytol., 143, pp. 191-

200.

Denslow, J. S., J. C. Space, and P. A. Thomas. 2009. Invasive exotic plants in the tropical Pacific 

Islands: Patterns of diversity, Biotropica, 41, pp. 162-170.

24



Dubey, T., S. L. Stephenson, and P. J. Edwards. 1995. Dimilin effects on leaf-decomposing 

aquatic fungi on the fernow experimental forest, West Virginia. Central Hardwood Forest 

Conference, Morgantown, WV: U.S. Department of Agriculture Forest Service, 421-429.

Gaudes, A., J. Artigas, A. M. Romani, S. Sabater, and I. Muñoz. 2009. Contribution of microbial 

and invertebrate communities to leaf litter colonization in a Mediterranean stream, J. N. Am. 

Benthol. Soc., 28(1), pp. 34-43.

Gessner, M. O., E. Chauvet, and M. Dobson. 1999. A perspective on leaf litter breakdown in 

streams, Oikos, 85(2), pp. 377-384.

Giambelluca, T. W., Q. Chen, A. G. Frazier, J. P. Price, Y.-L. Chen, P.-S. Chu, J. K. Eischeid, and 

D. M. Delparte. 2013. Online rainfall atlas of Hawai‘i, B. Am. Meteorol. Soc., 94, pp. 313-316.

Gonçalves Jr., J. F., M. A. S. Graça, and M. Callisto. 2006. Leaf-litter breakdown in 3 streams in 

temperate, Mediterranean, and tropical Cerrado climates, J. N. Am. Benthol. Soc., 25(2), pp. 

344-355.

Gonçalves Jr., J. F., M. A. S. Graça, and M. Callisto. 2007. Litter decomposition in a Cerrado 

savannah stream is retarded by leaf toughness, low dissolved nutrients and a low density of 

shredders, Freshwater Biol., 52(8), pp. 1440-1451.

Hughes, R. F. and J. S. Denslow. 2005. Invasion by an N2-fixing tree alters function and 

structure in lowland forests of Hawaii. Ecol. App. 15, 1615-1628.

Hughes, R. F., A. L. Uowolo, and T. P. Togia. 2012. Recovery of native forest after removal of an

invasive tree, Falcataria moluccana, in American Samoa, Biol. Invasions, 14, pp. 1393-1413.

25



Kominoski, J. S., T. J. Hoellein, J. J. Kelly, and C. M. Pringle, 2009. Does mixing litter of 

different qualities alter stream microbial diversity and functioning on individual litter species?, 

Oikos, 118, pp. 457-463.

Krause, G. H., A. Gallé, R. Gademann, and K. Winter. 2003. Capacity of protection against 

ultraviolet radiation in sun and shade leaves of tropical forest plants, Funct. Plant Biol., 30, pp. 

533-542.

Kueffer, C., G. Klingler, K. Zirfass, E. Schumacher, P.J. Edwards, and S. Gusewell. 2008. 

Invasive trees show only weak potantial to impact nutrient dynamics in phosphorus-poor tropical

forests in the Seychelles. Funct. Ecol., 22(2), pp. 359-366.

Larned, S. T. 2000. Dynamics of coarse riparian detritus in a Hawaiian stream ecosystem: a 

comparison of drought and post-drought conditions, J. N. Am. Benthol. Soc., 19(2), pp. 215-234.

Li, A. O. Y., L. C. Y. Ng, and D. Dudgeon. 2009. Effects of leaf toughness and nitrogen content 

on litter breakdown and macroinvertebrates in a tropical stream, Aquat. Sci., 71, pp. 80-93.

Maamri, A., H. Chergui, and E. Pattee. 1997. Leaf litter processing in a temporary northeastern 

Moroccan river, Arch. Hydrogiol., 140(4), pp. 513-531.

MacKenzie, R. A., N. Cormier, F. Kinslow, T. N. Wiegner, and A. M. Strauch. 2013. Leaf-litter 

inputs from an invasive nitrogen-fixing tree influence organic-matter dynamics and nitrogen 

inputs in a Hawaiian river, Freshwater Sci., 32(3), pp. 1036-1052.

Mann, K. H., and J. R. N. Lazier. 1991. Dynamics of marine ecosystems: Biological-physical 

interactions in the oceans. Boston: Blackwell Scientific Publications.

26



Martin, M. R., P. W. Tipping, and K. R. Reddy. 2010. Comparing native and exotic litter 

decomposition and nutrient dynamics, J. Aquat. Plant Manage., 48, pp. 72-79.

Meyer, J.-Y. 2000. Preliminary review of the invasive plants in the Pacific Islands (SPREP 

Member countries). Invasive species in the Pacific: a technical review and draft regional 

strategy: 85-115.

Meyer, J. L., J. B. Wallace, and S. L Eggert. 1998. Leaf litter as a source of dissolved organic 

carbon in streams. Ecosystems, 1, pp. 240-249.

Moretti, M., J. F. Gonçalves Jr., and M. Callisto. 2007. Leaf breakdown in two tropical streams: 

Differences between single and mixed species packs, Limnologica, 37(3), pp. 250-258.

Odoh, U., C. Ezugwu, and N. Ugwoke. 2012. Pharmacognostic profile of leaf, stem and root of 

Spathodea Campanulata P. Beauv (Bignoniaceae), J. Pharm Alli. Sci., 9(3), pp. 1621-1636.

Ostertag, R., S. Cordell, J. Michaud, T. C. Cole, J. R. Schulten, K. M. Publico, and J. H. Enoka. 

2009. Ecosystem and restoration consequences of invasive woody species removal in Hawaiian 

lowland wet forest, Ecosystems, 12, pp. 503-515.

Peterson, R. C., and K. W. Cummins. 1974. Leaf processing in a woodland stream, Freshwater 

Biol., 4(4), pp. 343-368.

Polis, G. A., and S. D. Hurd. 1996. Linking marine and terrestrial food webs: Allochthonous 

input from the ocean supports high secondary productivity on small islands and coastal land 

communities, Am. Nat., 147(3), pp. 396-423.

27



Resh, V. H., and F. A. Deszalay. 1995. Streams and rivers of Oceania, in Cushing, C.E., 

Cummins, K.W. & Minshall, G.W. (eds.) River and Stream Ecosystems of the World. Berkeley: 

University of California Press, pp. 717-736.

Rowland, A. P., and J. D. Roberts. 1994. Lignin and cellulose fractionation in decomposition 

studies using acid-detergent fiber methods, Commun. Soil Sci. Plan., 25, pp. 269-277.

Royer, T. V., M. T. Monaghan, and G. W. Minshall. 1999. Processing of native and exotic leaf 

litter in two Idaho (U.S.A.) streams, Hydrobiologia, 400, pp. 123-128.

Sakamaki, T. and J. S. Richardson. 2008. Retention, breakdown, and biological utilisation of 

deciduous tree leaves in an estuarine tidal flat of southwestern British Columbia, Canada, Can. J.

Fish. Aquat. Sci., 65(1), pp. 38-46.

Schlesinger, W. H. and J. M. Melack. 1981. Transport of organic carbon in the world's rivers, 

Tellus, 33(2), pp. 172-187.

Solomon, S., D. Qin, Z. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, and H. L. 

Miller. 2007. Climate Change 2007: The Physical Science Basis. Pages 996, Contribution of 

Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate 

Change. Cambridge University Press, New York, NY.

Strauch, A. M., R. A. MacKenzie, C. P. Giardina, and G. L. Bruland. 2015. Climate driven 

changes to rainfall and streamflow in a model tropical island hydrological system, J. Hydrology, 

523, pp. 160-169.

Suberkropp, K. and E. Chauvet. 1995. Regulation of leaf breakdown by fungi in streams: 

Influences of water chemistry, Ecology, 76(5), pp. 1433-1445.

28



Thompson, R. M., and C. R. Townshend. 2003. Impacts on stream food webs of native and 

exotic forest: An intercontinental comparison, Ecology, 84, pp. 145-161.

Timm, O., H. F. Diaz, T. W. Giambelluca, and M. Takahashi. 2011. Projection of changes in the 

frequency of heavy rain events over Hawai'i based on leading Pacific climate models, J. 

Geophys. Res., 116, pp. D04109.

USDA, Service, N.R.C. 2010. Soil Taxonomy: A basic system of soil classification for making 

and interpreting soil surveys: U.S. Department of Agriculture.

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell, and C. E. Cushing. 1980. The river

continuum concept, Can. J. Fish. Aquat. Sci., 37, pp. 130-137.

Vitousek, P. M., G. Gerrish, D. R. Turner, L. R. Walker, and D. Mueller-Dombois. 1995. 

Litterfall and nutrient cycling in four Hawaiian montain rainforests, J. Trop. Ecol., 11(2), pp. 

189-203.

Wagner, G. A., D. R. Herbst, and S. H. Sohmer. 1999. Manual of the flowering plants of Hawaii. 

Honolulu, HI: University of Hawaii Press.

Wallace, J. B., S. L. Eggert, J. L. Meyer, and J. R. Webster. 1997. Multiple trophic levels of a 

forest stream linked to terrestrial litter inputs, Science, 277(5322), pp. 102-104.

Walpola, H., M. Leichtfried, M. Amarasinghe, and L. Füreder. 2011. Leaf litter decomposition of

three riparian tree species and associated macroinvertebrates of Eswathu Oya, a low order 

tropical stream in Sri Lanka, Inter. Rev. Hydrogiol., 96(1), pp. 90-104.

29



Ward, G. M. 1986. Lignin and cellulose content of benthic fine particulate organic matter 

(FPOM) in Oregon Cascade Mountain streams. J. N. Am. Benthol. Soc., 5(2), pp. 127-139.

Webster, J. R., and E. F. Benfield. 1986. Vascular plant breakdown in freshwater ecosystems, 

Annu. Rev. Ecol. Syst., 17(567-594).

Webster, J. R., and J. L. Meyer. 1997. Organic matter budgets for streams: A synthesis, J. N. Am. 

Benthol. Soc., 16(1), pp. 141-161.

Wiegner, T. N., and R. L. Tubal, 2010. Comparison of dissolved organic carbon bioavailability 

from native and invasive vegetation along a Hawaiian River, Pac. Sci., 64(4), pp. 545-555.

Wiegner, T. N., R. L. Tubal, and R. A. MacKenzie. 2009. Bioavailability and export of dissolved 

organic matter from a tropical river during base- and stormflow conditions, Limnol. Oceanogr., 

54(4), pp. 1233-1242.

Wiegner, T.N., F. Hughes, L.M. Shizuma, D.K. Bishaw, and M.E. Manuel. 2013a.  Impacts of an 

invasive N2-fixing tree on Hawaiian stream water quality,  Biotropica 45(4), pp. 409-418.

Wiegner, T. N., L. H. Mead, and S. L. Molloy. 2013b. A comparison of water quality between 

low- and high-flow river conditions in a tropical estuary, Hilo Bay, Hawaii, Estuar. Coast., 36(2),

pp. 319-333.

Yule, C. M. 1996. Trophic relationships and food webs of the benthic invertebrate fauna of two 

aseasonal tropical streams on Bougainville Island, Papua New Guinea, J. Trop. Ecol., 12, pp. 

517-534.

30


