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Abstract 13 

The objectives of this study were to determine spatial scales and causalities of the spatial 14 

variations in chemical properties of stream FPOM, and also to test for their linkage with dietary 15 

compositions of stream primary consumers. Along each of 3 forest-dominant mountainous 16 

streams, biofilm, fine particulate organic matter in water and sediment (FPOMW, FPOMS), and 4 17 

macrobenthic invertebrates commonly found in the studied area were sampled at 4-5 stations with 18 

0.6-2.0 km intervals during a summer low-flow period. By our study design, the sampling 19 

stations were diversified in the riparian conditions (e.g. vegetation, forestry activities). In general, 20 

δ
13

C, δ
15

N, C:N and chlorophyll a:C of biofilm, FPOMW and FPOMS varied significantly 21 

between the sampling stations. The irradiance and/or abundance of streambed CPOM were 22 

significant factors for δ
13

C, C:N and chlorophyll a:C of FPOMS. Under the low-flow condition, 23 

the advection was probably not sufficiently strong to redistribute and/or homogenize FPOM 24 

along the streams. Meanwhile, δ
13

C of some invertebrate species/individuals were close to 25 

biofilm δ
13

C and deviated from terrestrial-origin POM δ
13

C, although terrestrial-origin was likely 26 

predominant in FPOMS. This suggests their selective intake/assimilation of autochthonous FPOM. 27 

In addition, regression analyses between invertebrate δ
13

C and FPOMS δ
13

C revealed that the 28 

food selectivity was enhanced when autochthonous FPOM was more abundant. Our results 29 

indicate that the headwater streams can be spatially heterogeneous in FPOM compositions 30 

depending on local environmental factors associated with riparian conditions, and this is further 31 

linked with the relative importance of autochthonous and allochthounous resources for stream 32 

primary consumers. 33 

34 
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Introduction 35 

Coarse particulate organic matter (CPOM; generally defined as >1 mm size fraction), such as 36 

leaves and woods, is the predominant organic matter source to forest-dominant headwater 37 

streams (e.g. Wallace et al. 1995). In headwater streams, CPOM is retained efficiently due to 38 

complex and retentive geomorphological structures, and provides an important resource for 39 

primary consumption and habitat (e.g. Richardson 1991, 1992; Wallace et al. 1997). Headwater 40 

streams are also recognized as a place for substantial production of fine particulate organic matter 41 

(FPOM; generally defined as <1 mm size fraction) through physical and biological breakdown of 42 

CPOM (Webster and Benfield 1986; Wallace et al. 1991; Webster et al. 1999). The flux of 43 

advective downstream transport of FPOM has been reported to have about one order of 44 

magnitude higher than that of CPOM (Wallace et al. 1995; Kiffney et al. 2000). The abundance 45 

of FPOM on forest-dominant headwater streambed can be higher or comparative (e.g. Jones 46 

1997; Thompson and Townsend 2005) with that of CPOM. These suggest that the dynamics of 47 

FPOM has a potential to significantly affect biogeochemical environments in headwater streams. 48 

However, in headwater streams, the chemical properties of FPOM have not been well examined 49 

for its spatial variation, or its relevance to in-stream biogeochemical and ecological processes.  50 

The CPOM distribution in streams is greatly controlled by riparian vegetations (Johnson and 51 

Covich 1997; ref) and bed geomorphology (Kobayashi and Kagaya 2002; Hoover and 52 

Richardson 2006); thus, the spatial distribution of CPOM is known to be highly variable. Johnson 53 

and Covich (1997) showed that the abundance of streambed CPOM was significantly related to 54 

riparian forest covers of 500-1000 m upper reach. Physical dynamics of FPOM in streams, e.g., 55 

advective transport, bed retention, entrainment, export to downstreams, also has been well 56 

examined by experimental and modelling studies (e.g. Webster et al. 1987; Paul and Hall 2002; 57 

Karlsson et al. 2005; Newbold et al. 2005). Those studies have shown that FPOM has longer 58 
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transport distances compared with CPOM, probably because the smaller diameters of FPOM 59 

cause its slower settling and lower trap rate by streambed substrates. This suggests a possibility 60 

that FPOM could be more homogenized quantitatively and qualitatively along streams, compared 61 

with CPOM. However, the spatial scale of longitudinal distribution of FPOM in headwater 62 

streams is still unclear. To understand the FPOM distribution in streams, the relative importance 63 

of advective transport and local processes (e.g. input from riparian, in-stream FPOM production, 64 

retention) for FPOM distribution needs to be explored. It can be assumable that if the advective 65 

transport dominates, the chemical properties of FPOM could show homogeneous or continuous 66 

longitudinal trends along streams. On the other hand, if the local processes dominate, the 67 

chemical properties of FPOM could be longitudinally more variable and discontinuous along 68 

streams depending on local environmental factors. 69 

Physical and chemical properties of particulate organic matter are tightly linked with the diets 70 

of primary consumers as well as community structures (e.g. Vannote et al. 1980). Food web 71 

structures generally differ between detritus- and algal-based food webs; e.g. the food chain length 72 

has been reported to be shorter in detritus-based food webs (Tavares-Cromar and Williams 1996; 73 

Thompson and Townsend 2005). Thompson and Townsend (2005) also have shown that the 74 

stream food chain length is positively related to primary productivity. In addition, the coexistence 75 

of detritus- and algal-based energy flows theoretically stabilizes the food web (Moore et al. 2004). 76 

These suggest that stream food web structures greatly depend on the relative contribution of 77 

terrestrial- and algal-origin organic matter. In general, the food webs of forest-dominant 78 

headwater streams base mainly on terrestrial-origin organic mater (e.g. Wallace et al. 1997), 79 

while those of lower reaches of large river systems depend on algal-origin organic matter (e.g. 80 

Thorp et al. 1994, 1998). However, even in small streams, some studies have shown that 81 

invertebrates preferably utilize algal-origin organic matter despite its relatively low abundance 82 
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(McCutchan and Lewis 2002; England and Rosemond 2004; Doi et al. 2007). The food 83 

selectivity of primary consumers would be a key factor to understand the relative importance of 84 

allochthonous and autochthonous organic matter in stream food webs. 85 

In three headwater streams located in a forest-dominant area of southwestern British Columbia, 86 

Canada, we investigated spatial variations of chemical properties of FPOM (C and N stable 87 

isotopic signatures, C:N, chlorophyll a:C). Specifically, we addressed the following: (1) What are 88 

the spatial scales and ranges for spatial variations of chemical properties of stream FPOM? (2) 89 

What causes the spatial heterogeneity of chemical properties of FPOM? (3) How diets of stream 90 

primary consumers are related to the chemical properties of FPOM, particularly the relative 91 

abundance of terrestrial and in-stream produced FPOM?  92 

 93 

Methods 94 

Study sites – Field samplings and measurements were conducted in three independent headwater 95 

streams (C Creek, D Creek, S Creek) of the UBC Malcolm Knapp Research Forest (49
○
15’-20’N, 96 

122
○
32’-36’E), which are located in about 60 km east of Vancouver, British Columbia, Canada. 97 

All the streams flow through a mountainous forest area which is dominated by three conifer 98 

species, i.e., Tsuga heterophylla (western hemlock), Thuja plicata (western red cedar) and 99 

Pseudotsuga menziesii (Douglas-fir). The major riparian species are Alnus rubra (red alder), Acer 100 

circinatum (vine maple), and Rubus spectabilis (salmonberry). 101 

Each stream has heterogeneous riparian conditions due to experimental forestry activities (i.e. 102 

clear-cut, 10-m riparian buffer, 30-m riparian buffer, thinning or intact forest) as well as natural 103 

variations of vegetations (i.e. conifer-dominant, or conifer-deciduous mixed). In each of the three 104 

streams, 4 to 5 stations for samplings and measurements were set at 0.6-2.0 km intervals within 105 

the first to third order reaches (Table 1). Reaches right below major tributaries were avoided. By 106 
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assessing air-photographs of the study area, the sampling stations were set to represent different 107 

types of riparian condition; each station located within a relatively homogeneous reach of at least 108 

a few hundred meter length with a specific type of stream and riparian conditions. This design 109 

enabled us to test for the responses of chemical properties of stream FPOM to local 110 

environments. All the stations were located within the range of altitude, 40-420 m. 111 

Samplings and sample processing – All field samplings and measurements of this study were 112 

conducted between June 15 and July 30 in 2007. Stream water samples for dissolved nutrients 113 

and FPOM were collected 3 times from each stream; each stream was sampled once in each of 114 

June 15-30, July 1-15, and July 15-30. All stations of one stream were sampled in a same day. 115 

The water samplings were not conducted within a few days after even light rain. In each station, a 116 

16-L water sample was collected at each sampling occasion. In the laboratory, 100-mL water 117 

sub-samples were taken for dissolved nutrient analysis and filtered through 0.45 μm membren 118 

filters. The remaining water samples were filtered through 2 pre-combusted GF/F filters 119 

(Whatman), and FPOM suspended in stream water (FPOMW) was collected for C, N, and 120 

chlorophyll a (chl. a) analyses. 121 

In one of the three occasions of water sampling, FPOM in sediment (FPOMS), biofilm, 122 

macrobenthic invertebrates, CPOM and riparian soil samples were also collected. At each station, 123 

fine sediment of streambed was collected from 5 pools within 50-100 m reach at about 10-20 m 124 

intervals. The 0-3 cm layer of sediment was collected using a core sampler with 4 cm diameter. 125 

In the laboratory, each sediment sample was dispersed in a plastic container filled with 500 mL 126 

deionized water, and shaken for 20 to 30 seconds. Then the top water was screened through a 1-127 

mm sieve and swiftly filtered through 2 pre-combusted GF/F filters for C, N, and chl. a analyses. 128 

For biofilm sampling, at each station, several cobbles were collected from 3 pools and 3 riffles 129 

stretching the 50-100 m reach. In the field, the samples from each pool/riffle were separately 130 
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brushed, and the biofilm was rinsed and dispersed into a plastic bottle filled with 300-500 mL 131 

deionized water. In the laboratory, the samples were well shaken for 20-30 seconds, and then 132 

filtered through 2 pre-combusted GF/F filters for C, N, and chl. a analyses. 133 

At each station, macrobenthic invertebrates and streambed CPOM were collected using a 134 

sarber sampler (30 × 30 cm flame with 250 μm mesh net) from 3 pools and 3 riffles stretching the 135 

50-100 m reach. In the laboratory, the sample was washed on a 500-μm sieve, and all 136 

invertebrates which were visible by naked eyes were picked by twizers. Only 4 species found 137 

commonly in this study, i.e., Despaxia sp. (Plecoptera, Leuctridae), Moseria sp. (Plecoptera, 138 

Leuctridae), Lepidostoma roafi (Tricoptera, Lepidostomatidae), Paraleptophlebia sp. 139 

(Ephemeroptera, Leptophlebiidae), were treated further for stable isotopic analysis. All remnants 140 

of sarber sample were washed on a 1-mm sieve with tap water and kept to determine the mass of 141 

CPOM. 142 

To estimate the chemical properties of terrestrial POM entering adjacent streams from riparian 143 

area, riparian soil was collected from 3 areas along the 50-100 m reach of each station. In each 144 

area, six core samples of 0-4 cm layer (4 cm diameter) were collected randomly from an about 20 145 

m
2
 area, and then mixed to make a composite sample. When the riparian ground was covered 146 

with large size debris, e.g. leaves and wood debris, they were removed before collecting soil 147 

samples. In addition, leaves of plants/trees and barks of trees were also collected to determine 148 

their stable isotopic signatures. 149 

Field measurements – At every water-sampling occasion, the stream discharge and light intensity 150 

were measured. The discharge measurement was based on the slug salt injection method (ref). 151 

Following the salt injections, the temporal variation of salt concentration in stream water was 152 

recorded by a conductivity meter with a memory (WTW Cond340i). At 3 pools and 3 riffles 153 

stretching the 50-100 m reach of each site, the irradiance was measured using a quantum meter 154 
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(Apogee BQM-S), which detects the photosynthetically active radiation, i.e. 400-700 nm. The 155 

irradiance was also measured at unshaded reference sites right before (i.e. <10 minutes) the light 156 

measurement at each sampling station. The percentage of relative light intensity, defined as (the 157 

irradiance of station) / (the irradiance of unshaded reference site) x 100 (%), was used for data 158 

analyses. At each station, the wet-width of stream was also measured at 4-6 cross-sections 159 

stretching the 50-100 m reach. 160 

Chemical analysis – In preparation for analyses of C and N stable isotopes and C and N contents, 161 

FPOMW, FPOMS, biofilm, invertebrates, riparian soil and terrestrial POM samples were treated 162 

with 10% HCl, rinsed with deionized water and dried at 60
º
C. The C and N stable isotopic 163 

compositions of these samples were determined by a continuous flow, isotope ratio, mass 164 

spectrometer system (Europa, Hydra 20/20) at the Stable Isotope Facility, University of 165 

California Davis. The isotopic compositions were reported as parts per thousand deviations (‰) 166 

from Pee Dee Belemnite for carbon (δ
13

C) and from air for nitrogen (δ
15

N). In this analysis, C 167 

and N contents of the samples were also obtained as percentage of dry mass.  168 

Chl.a of FPOMW, FPOMS and biolim samples on GF/F filters were extracted by 90% acetone, 169 

and their concentration was determined by a fluorometer (Turner Designs TD-700). CPOM was 170 

quantified by determining dry mass loss by combustion at 550
º
C for 2 h. The concentrations of 171 

dissolved inorganic N and P of stream water were determined using an auto-analyzer 172 

(Bran+Luebbe TRAACS-800). 173 

Data analysis – The effects of streams (n = 3), stations (n = 4-5 in each stream) and points (n = 5 174 

in each station) on the chemical properties of FPOMS were tested by ANOVA. The stations were 175 

nested under the streams, and the points were nested under the stations. This ANOVA design 176 

enabled us to compare the variability of the chemical properties of FPOMS at those three different 177 

spatial scales. For FPOMW, the effect of 3 sampling occasions was tested instead of the within-178 
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station difference. For biolilm, the effect of pool/riffle was also added to the 3 different spatial 179 

scales tested for FPOMS.  180 

Principal component analysis (PCA) was used to assess the correlations in environmental 181 

factors and chemical properties of FPOM and biofilm. Simple linear regressions analyses and 182 

model-selective multiple regression analyses were used to examine which factors more 183 

importantly explain the spatial variations of chemical properties of FPOMS. These regression 184 

analyses tested for the importance of 4 explanatory variables potentially associated with local 185 

input/production as well as compositions of stream FPOM, i.e., light intensity, the abundance of 186 

streambed CPOM, chemical properties of biofilm and riparian soil. The relative importance of 187 

factors was assessed based on the response of coefficient of determination (R
2
) and Akaike’s 188 

information criterion (AIC) to the addition/reduction of explanatory variables. The correlations 189 

between the explanatory variables were tested by Pearson’s correlation coefficient. In addition, 190 

simple linear regression analysis was also used to test for the relationships of chemical signatures 191 

for FPOMW vs. FPOMS, FPOMW vs. biofilm, invertebrates vs. FPOMS, and invertebrates vs. 192 

biofilm. 193 

To interpret results of δ
13

C, 1‰ was subtracted from δ
13

C of the primary consumers, taking 194 

account of trophic fractionation (DeNiro and Epstein 1978). SAS version 9.1 (SAS Inc.) was 195 

used for all the statistical analyses in this study. PROC MIXED was used for the ANOVAs. 196 

 197 

Results 198 

Longitudinal variation of FPOM/biofilm properties – δ
13

C and C:N of FPOMW significantly 199 

differed between the stations (Fig. 1, Table 1). Chl. a:C was affected marginally by the stations 200 

(P = 0.052). The concentration of FPOMW differed significantly between the streams, but the 201 

effect of the streams was less important than that of the stations. The sampling occasions did not 202 
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significantly affect any of the chemical signatures or concentration of FPOMW. For FPOMS, δ
15

N 203 

and C:N were significantly differed between the stations, and δ
13

C and chl. a:C showed marginal 204 

responses to the stations (P = 0.061 and 0.081, respectively). Chl. a:C of FPOMS also 205 

significantly differed between the points within the stations. For biofilm, the effect of stations 206 

was significant for all the chemical properties analyzed. The chemical properties of biofilm were 207 

also significantly different between pool and riffle except δ
15

N. C:N of biofilm showed 208 

significant differences between the points within the stations. 209 

Relationships between FPOM/biofilm properties and environmental variables – δ
13

C, C:N and 210 

chl. a:C of FPOMW had significant or marginal relationships with those of FPOMS (R
2
 >0.24, P 211 

<0.087), but δ
15

N did not (R
2
 = 0.006, P = 0.81). Any of δ

13
C, δ

15
N, C:N and chl. a:C of FPOMW 212 

was not significantly related with those of biofilm (R
2
 <0.18, P >0.15). In the PCA, principal 213 

components (PCs) 1 and 2 explained 32.8% and 20.0% of the variances, respectively. The 214 

loadings show that stream gradient, discharge and width were important attributes for PC1 (Fig. 215 

2a). These variables describing physical aspects of stream were also related to δ
13

C and chl. a:C 216 

of FPOMW and FPOMS. Thus, PC1 can be interpreted to represent longitudinal variations in 217 

physical features of streams as well as chemical properties of stream FPOM. For PC2, δ
15

N and 218 

C:N of FPOMS were important attributes. PC1 discriminated the stations between upper and 219 

lower reaches (Fig. 2b). The three streams were not discriminated by PC1 or PC2. 220 

Among the 4 explanatory variables of the regression analyses (i.e., irradiance, the abundance 221 

of streambed CPOM, the chemical properties of riparian soil and biofilm), only three weak 222 

correlations were found; between CPOM and riparian soil δ
15

N, between CPOM and biofilm C:N, 223 

and between riparian soil δ
13

C and biofilm δ
13

C (|r| = 0.54-0.58, P = 0.04-0.05). The regression 224 

analyses showed that δ
13

C of FPOMS was related positively to the streambed CPOM, and 225 

negatively to irradiance (Table 3). Similarly, chl. a:C of FPOMS was related negatively to the 226 
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streambed CPOM, and positively to irradiance. For δ
13

C and chl. a:C of FPOMS, irradiance and 227 

streambed CPOM were both included as important independent variables in the best models. The 228 

best multivariate models including irradiance and CPOM as independent variables explained 229 

72% and 61% of variances of δ
13

C and chl. a:C of FPOMS, respectively. C:N of FPOMS was 230 

negatively related to the irradiance, and the model for FPOMS C:N was not improved by adding 231 

other independent variables. Univariate models based on any of the 4 independent variables 232 

tested was not significant for FPOMSδ
15

N, but multivariate models including 3-4 independent 233 

variables explained <65% of the variance of FPOMS δ
15

N.  234 

δ
13

C of POM and macrobenthic invertebrates – FPOMS had relatively higher δ
13

C and narrower 235 

range of δ
13

C than other POM sources (Fig. 3). FPOMW was slightly lower in δ
13

C compared 236 

with FPOMS. δ
13

C of biofilm was relatively lower and more widely variable compared with that 237 

of FPOMS and FPOMW. δ
13

C of terrestrial-origin POM sources (i.e., leaves and barks) varied 238 

widely, and barks of some species had higher δ
13

C than that of FPOMS. δ
13

C of riparian soil 239 

clustered within a narrower range compared with that of leaves and barks. 240 

δ
13

C of Despaxia sp. and Moselia sp. were relatively closer to FPOMS δ
13

C and consistently 241 

higher than biofilm δ
13

C, compared with the other 2 species, Lepidstoma roafi and 242 

Paraleptophlebia sp. (Fig. 3, Fig. 4). δ
13

C of Moselia sp. was positively related to FPOMS δ
13

C 243 

and biofilm δ
13

C. δ
13

C of Despaxia sp. also showed δ
13

C relatively close to biofilm δ
13

C at the 244 

stations with relatively lower δ
13

C, although it was not significantly related to FPOMS δ
13

C or 245 

biofilm δ
13

C. δ
13

C of Lepidstoma roafi and Paraleptophlebia sp. were consistently lower than 246 

FPOMS δ
13

C and had wider range compared with δ
13

C of Despaxia sp. and Moselia sp. δ
13

C of 247 

Lepidstoma roafi was close to biofilm δ
13

C, and related significantly to FPOMS δ
13

C and 248 

marginally to δ
13

C. In some stations, δ
13

C of Paraleptophlebia sp. was close to biofilm δ
13

C, but 249 

not significantly related to either FPOMS δ
13

C or biofilm δ
13

C. 250 
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 251 

Discussion 252 

Scales and causalities of spatial variations in FPOM properties – In general, primary production 253 

and dietary dependence on algae by primary consumers are known to increase downstream along 254 

rivers (Vannote et al. 1980; Thorp et al. 1998; Findley 2001). However, our results demonstrate 255 

that within the headwater reaches, such spatial transition was not gradual; organic matter 256 

compositions and diets for primary consumers was spatially heterogeneous and discontinuous. 257 

Specifically, in our study site, the chemical properties of FPOM tended to be heterogeneous over 258 

the spatial scale of several hundred meters to a couple of kilometres, whereas within that spatial 259 

scale the FPOM properties were relatively heterogeneous. In addition, our results demonstrate 260 

that the chemical properties of FPOMW was tightly linked with FPOMS, but not with biofilm. 261 

This suggests that streambeds provided FPOM to water as a dominant source. 262 

Our regressions models, which took into account only local inputs/productions of POM, 263 

explained ca. 40-70% of spatial variations in chemical properties of FPOMS. This suggests that in 264 

our study site the local environmental factors significantly controlled the longitudinal 265 

distributions of the FPOM compositions, and also that the advective transport was probably not 266 

sufficiently great to redistribute FPOM in the streams after input/production of FPOM. Herein, it 267 

should be noted that the distance of FPOM transport depends on the discharge and also some 268 

other physical factors of stream channels (ref). Our samplings were conducted under a summer 269 

low flow condition, so the spatial heterogeneity of FPOM properties may have been signalized. It 270 

is possible that the FPOM properties could be more homogenized along streams if the advective 271 

transport is greater (e.g., high flow conditions, steep or smooth channels). 272 

The abundance of CPOM on streambed was an significant predictor of δ
13

C and chl. a:C of 273 

FPOMS. This indicates that the CPOM breakdown provides substantial FPOM in streams (e.g., 274 
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Wallace et al. 1991, Webster et al. 1999) and further affects those chemical properties of FPOMS. 275 

Meanwhile, the negative relationship between irradiance and FPOMS δ
13

C and the positive 276 

relationship between irradiance and chl. a:C of FPOMS, which were found in this study, 277 

demonstrate that the light condition is also one of the most important factors for the chemical 278 

properties of stream FPOM. This also indicates that the algal production was significantly 279 

influential on FPOM properties. Based on the results of regression analyses for chl. a:C and δ
13

C 280 

of FPOMS, the effects of these two factors, irradiance and streambed CPOM, on chemical 281 

properties of FPOMS were likely comparable. In addition, riparian conditions, such as vegetation 282 

and forestry activities, are known to greatly affect light condition and primary production 283 

(Kiffney et al. 2003, 2004) as well as CPOM input/abundance in the adjacent streams (Johnson 284 

and Covich 1997). Thus, it is expected that δ
13

C and chl. a:C of FPOMS vary at the spatial scales 285 

of heterogeneity in riparian conditions. 286 

FPOMS C:N was significantly related only to irradiance, but not to streambed CPOM. 287 

Terrestrial-origin POM retained in streams is known to increase its C:N with time, as attached 288 

microbes (e.g., bacteria, fungi) efficiently absorbs dissolved nitrogen from ambient water 289 

(Motomori et al. 2001). Due to such biological processes, forest streams with lack of nutrients 290 

tend to be highly efficient in uptake and retention of nitrogen (Hall et al. 1998; Ashkenas et al. 291 

2004). In particular, C:N of FPOM produced by CPOM breakdown is lower and more 292 

homogenized compared with original CPOM materials (Yoshimura et al. 2008). Such decrease 293 

and homogenization of C:N in streams may explain the insignificant relationship of FPOMS C:N 294 

with streambed CPOM. Furthermore, it also can be expected that FPOMS δ
15

N reflects the spatial 295 

variations of inorganic nitrogen δ
15

N due to the high demand of in-stream microbes on nitrogen. 296 

In streams, δ
15

N of inorganic nitrogen depends on its sources (e.g., atmospheric input, dissolution 297 

from bedrocks) and biological processes (e.g., assimilation, mineralization, nitrification) (e.g. 298 
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Holloway et al. 1998; Barnes et al. 2008). Spatial variations of such sources and in-stream 299 

alterations of δ
15

N may explain the non-significant relationship of FPOMS δ
15

N with the local 300 

factors based on riparian conditions. 301 

Relationships of FPOM properties with primary consumers’ diets – Some types of terrestrial-302 

origin POM have very low decomposition rate (Enríquez et al. 1993). The narrower range of 303 

FPOMS δ
13

C could be because less-degradable terrestrial-origin FPOM with relatively high δ
13

C 304 

retained longer and predominated FPOMS. In the meantime, biofilm δ
13

C varied widely, but was 305 

distinctly lower than FPOMS δ
13

C. Thus, FPOMS δ
13

C was a good representative for the relative 306 

abundance of in-stream-produced autochthonous FPOM in the FPOMS pools predominated by 307 

terrestrial-origin POM. This enabled us to examine the compositions of FPOM and primary 308 

consumer diets based on δ
13

C, although a representative δ
13

C for terrestrial-origin POM was not 309 

determinable due to the wide variations of terrestrial-origin POM δ
13

C and mixing models were 310 

not available in this study. 311 

Based on the δ
13

C results, Despaxia sp. and Moselia sp. basically depended on terrestrial-312 

origin POM, but also likely had some minor dependence on autochthonous FPOM when 313 

autochthonous FPOM was relatively abundant. Lepidstoma roafi likely assimilated substantial 314 

autochthonous FPOM, and their diet composition also related to the relative abundance of 315 

autochthonous FPOM in the FPOMS. In general, the feeding guilds of Despaxia sp., Moselia sp. 316 

and Lepidstoma roafi were categorized into shredders (ref), so their consumption of 317 

autochthonous FPOM was possibly due to their assimilation of biofilm growing on leaf surfaces 318 

(ref). Opportunistic feedings on FPOM and/or biofilm on other substrate may also explain their 319 

assimilation of autochthonous FPOM (ref). In addition, the intensity of food selectivity differed 320 

between the invertebrate species; Lepidstoma roafi assimilated autochthonous materials more 321 

selectively compared with Despaxia sp. and Moselia sp. The steep slope in the relationship 322 
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between Lepidstoma roafi δ
13

C and FPOMS δ
13

C, that was 4.8, indicates that more abundant 323 

autochthonous FPOM is, more efficiently this species selected and assimilated it. Meanwhile, 324 

Paraleptophlebia sp., which is generally categorized into gatherers and collectors, probably feed 325 

directly on FPOMS and/or biofilm (ref). This species also likely had some food selectivity, as in 326 

some stations the δ
13

C of this species distinctly deviated from FPOMS δ
13

C. However, no 327 

significant factor controlling the food selectivity of this species was found; their food selection 328 

was likely independent of the abundance of autochthonous FPOM in FPOMS. 329 

As mentioned above, FPOMS δ
13

C was tightly linked with the light condition and abundance 330 

of in-stream CPOM which are associated with riparian conditions. This further means that the 331 

dietary composition of primary consumers is also significantly affected by those factors and 332 

varies at the same special scale. Furthermore, POM resources for stream primary consumers are 333 

diverse in their physical features (e.g., size, shape, mobility), and are not always simply 334 

categorized into the FPOM fraction (e.g. CPOM, biofilm). However, our results suggest that 335 

FPOMS δ
13

C can be a useful predictor for dietary compositions of primary consumers. FPOM 336 

could be a good representative for compositions of in-stream POM resources consisting of 337 

various physical features as well as origins. 338 

 339 

Conclusions 340 

Although FPOM has relatively longer transport distance due to its small diameter compared with 341 

CPOM, the chemical properties of FPOM was not homogenized along the headwater streams 342 

during a summer low flow condition. This causes heterogeneity and discontinuity of the chemical 343 

properties of stream FPOM. Such spatial variations of the chemical properties of FPOM were 344 

significantly linked with light condition and in-stream CPOM abundance both of which are 345 

associated with riparian conditions. Furthermore, the dietary compositions of some primary 346 
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consumer species were significantly related to FPOMS δ
13

C. Overall, it should be realized that 347 

headwater streams not only produce and export FPOM, but also retain FPOM and cause diverse 348 

biogeochemical environments within themselves. Our findings suggest that the chemical 349 

properties of FPOM have a potential to detect natural and human-related alterations of riparian 350 

conditions and also to be a useful indicator for the environmental monitoring in headwater 351 

streams. 352 

 353 

References 354 

Ashkenas, L. R., S. L. Johnson, S. V. Gregory, J. L. Tank, and W. M. Wollheim. 2004. A stable 355 

isotope tracer study of nitrogen uptake and transformation in an old-growth forest stream. 356 

Ecology 85: 1725-1739. 357 

Barnes, R. T., P. A. Raymond, and K. L. Casciotti. 2008. Dual isotope nalayses indicate efficient 358 

processing of atmospheric nitrate by forested watersheds in the northeastern U.S. 359 

Biogeochemistry 90: 15-27. 360 

DeNiro M. J., and S. Epstein. 1978. Influence of diet on the distribution of carbon isotopes in 361 

animals. Geochem. Cosmochim. Acta 42: 495-506. 362 

Doi, H., Y. Takemon, T. Ohta, and E. Kikuchi. 2007. Effect of reach-scale canopy cover on 363 

trophic pathways of caddisfly larvae in a Japanese mountain stream. Mar. Freshwater. Res. 364 

58: 811-817. 365 

Doucett, R. R., D. R. Barton, K. R. A. Guiguer, G. Power, and R. J. Drimmie. 1996. Comment: 366 

Critical examination of stable isotope analysis as a means for tracing carbon pthwas in stream 367 

ecosystems. Can. J. Fish. Aquat. Sci. 53: 1913-1915. 368 

England, L. E. and Rosemond, A. D. 2004. Small reductions in forest cover weaken terrestrial-369 

aquatic linkages in headwater streams. Freashwater Biol. 49: 721-734. 370 



 17 

Enríquez S., C. M. Duarte, and K. Sand-Jensen. 1993. Patterns in decomposition rates among 371 

photosynthetic organisms: the importance of detritus C:N:P content. Oecologia 94: 457-471. 372 

Finlay, J. C. 2001. Stable-carbon-isotope ratios of river biota: implications for energy flow in 373 

lotic food webs. Ecology 82: 1052-1064. 374 

France, R. 1995. Critical examination of stable isotope analysis as a means for tracing carbon 375 

pthwas in stream ecosystems. Can. J. Fish. Aquat. Sci. 52: 651-656. 376 

Hall, R. O., Jr., B. J. Peterson, and J. L. Meyer. 1998. Testing a nitrogen-cycling model of a 377 

forest stream by using a nitrogen-15 tracer addition. Ecosystems 1: 283-298.  378 

Hoover T. M., J. S. Richardson, and N. Yonemitsu. 2006. Flow-substrate interactions create and 379 

mediate leaf litter resource patches in streams. Freshwater Biol. 51: 435-447. 380 

Holloway, J. M., R. A. Dahlgren, B. Hansen, and W. H. Casey. 1998. Contribution of bedrock 381 

nitrogen to high nitrate concentrations in stream water. Nature 395: 785-788. 382 

Jones, J. B., Jr. 1997. Benthic organic matter storage in streams: influence of detrital import and 383 

export, retention mechanisms, and climate. J. N. Am. Benthol. Soc. 16: 109-119. 384 

Johnson, S. L., and A. P. Covich. 1997. Scales of observation of riparian forests and distributions 385 

of suspended detritus in a prairie river. Freshwater Biol. 37: 163-175. 386 

Junger, M., and D. Planas. 1994. Quantitative use of stable carbon isotope analysis to determine 387 

the trophic base of invertebrate communities in a boreal forest lotic system. Can. J. Fish. 388 

Aquat. Sci. 51: 52-61. 389 

Karlsson, O. M., J. S. Richardson, and P. M. Kiffney. 2005. Modelling organic matter dynamics 390 

in headwater streams of south-western British Columbia, Canada. Ecol. Model. 183: 463-476. 391 

Kiffney, P. M., J. S. Richardson, and M. C. Feller. 2000. Fluvial and epilithic organic matter 392 

dynamics in headwater streams of southwestern British Columbia, Canada. Arch. Hydrobiol. 393 

149: 109-129. 394 



 18 

Kiffney, P. M., J. S. Richardson, and J. P. Bull. 2003. Response of periphyton and insects to 395 

experimental manipulation of riparian buffer width along forest streams. J. Appl. Ecol. 40: 396 

1060-1076. 397 

Kiffney, P. M., J. S. Richardson, and J. P. Bull 2004. Establishing light as a casual mechanism 398 

structuring stream communities in response to experimental manipulation of riparian buffer 399 

width. J. N. Am. Benthol. Soc. 23: 542-555. 400 

Kobayashi, S., and T. Kagaya. 2002. Difference in litter charcterestics and macroinvertebrate 401 

assemblages between litter patches in pools and riffles in a headwater stream. Limnology 3: 402 

37-42. 403 

McCutchan, J. H., Jr., and W. M. Lewis, Jr. 2002. Relative importance of carbon sources for 404 

macroinvertebrates in a Rocky Mountain stream. Limnol. Oceanogr. 47: 742-752. 405 

Minagawa, M., and E. Wada. 1984. Stepwise enrichment of 
15

N along food chains: further 406 

evidence and the relation between δ
15

N and animal age. Geochem. Cosmochim. Acta 48: 407 

1135-1140. 408 

Moore, J. C., E. L. Berlow, D. C. Coleman, P. C. de Ruiter, Q. Dong, A. Hastings, N. C. Johnson, 409 

K. S. McCann, K. Melville, P. J. Morin, K. Nadelhoffer, A. D. Rosemond, D. M. Post, J. L. 410 

Sabo, K. M. Scow, M. J. Vanni and D. H. Wall. 2004. Detritus, trophic dynamics and 411 

biodiversity. Ecol. Lett. 7: 584-600. 412 

Motomori, K., Mitsuhashi, H. and Nakano, S. 2001. Influence of leaf litter quality on the 413 

colonization and consumption of stream invertebrate shredders. Ecol. Res. 16: 173-182. 414 

Newbold, J. D., Thomas, S. A., Minshall, G. W., Cushing, C. E. and Georgian, T. 2005. 415 

Deposition, benthic residence, and resuspension of fine organic particles in a mountain stream. 416 

Limnol. Oceanogr. 50: 1571-1580. 417 



 19 

Paul, M. J., and R. O. Hall, Jr. 2002. Particle transport and transient storage along a stream-size 418 

gradient in the Hubbard Brook Experimental Forest. J. N. Am. Benthol. Soc. 21: 195-205. 419 

Richardson, J. S. 1991. Seasonal food limitation of detritivores in a montane stream: an 420 

experimental test. Ecology 72: 873-887. 421 

Richardson, J. S. 1992. Food, microhabitat, or both? Macroinvertebrate use of leaf accumulations 422 

in a montane stream. Freshwater Biol. 27: 169-176. 423 

Tavares-Cromar, A. F. and D. D. Williams. 1996. The imoportance of temporal resolution in 424 

food web analysis: evidence from a detritus-based stream. Ecol. Monogr. 66: 91-113. 425 

Thompson, R. M. and C. R. Townsend. 2005. Energy availability, spatial heterogeneity and 426 

ecosystem size predict food-web structure in streams. Oikos 108: 137-148. 427 

Thorp, J. H., and M. D. Delong. 1994. The riverine productivity model: a heuristic view of 428 

carbon sources and organic processing in large river ecosystems. Oikos 70: 305-308. 429 

Thorp, J. H., and M. D. Delong. Greenwood, and A. F. Casper. 1998. Isotopic analysis of three 430 

food web theories in constricted and flood plain regions of a large river. Oecologia 117: 551-431 

563. 432 

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell, and C. E. Cushing. 1980. The 433 

river continuum concept. Can. J. Fish. Aquat. Sci. 37: 130-137. 434 

Webster, J. R. and E. F. Benfield. 1986. Vascular plant breakdown in freshwater ecosystems. 435 

Ann. Rev. Ecol. Syst. 17: 567-594. 436 

Webster, J. R., E. F. Benfield, T. P. Ephrman, M. A. Shaffer, J. L. Tank, J. J. Hutchens, and D. J. 437 

D’Angelo. 1999. What happens to allochthonous material that falls into streams? A synthesis 438 

of new and published information from Coweeta. Freshwater Biol. 41: 687-705. 439 



 20 

Wallace, J. B., T. E. Cuffney, J. R. Webster, G. J. Lugthart, K. Chung, and B. S. Goldowits. 1991. 440 

Export of fine particulate organic particles from headwater streams: effects of season, 441 

extreme discharges, and invertebrate manipulation. Limnol. Oceanogr. 36: 670-682. 442 

Wallace, J. B., S. L. Eggert, J. L. Meyer, and J. R. Webster. 1997. Multiple trophic levels of a 443 

forest stream linked to terrestrial litter inputs. Science 277: 102-104.  444 

Wallace, J. B., M. R. Whiles, S. L. Eggert, T. E. Cuffney, G. J. Lugthart, and K. Chung. 1995. 445 

Long-term dynamics of coarse particulate organic matter in three Appalachian Mountain 446 

streams. J. N. Am. Benthol. Soc. 14: 217-232. 447 

Yoshimura, C., M. O. Gessner, K. Tockner, and H. Furumai. 2008. Chemical properties, 448 

microbial respiration, and decomposition of coarse and fine particulate organic matter. J. N. 449 

Am. Benthol. Soc. 27: 664-673. 450 

451 



 21 

Table 1. Physical properties and riparian vegetations of sampling/measuring stations used in this 452 

study. Distance is shown as the distance from the most upper station of each stream. Means ± SE 453 

are shown for Wet width (n = 4-6), discharge (n = 3) and relative light intensity (n = 6). 454 

 455 
Stream 

/Station No. 

Distance 

(km) 

Altitude 

(m) 

Riparian condition Wet width 

(m) 

Discharge 

(m3 s-1) 

Relative light 

intensity (%) 

C Creek       

1 0 280 Coniferous 1.0 ± 0.1 0.9 ± 0.5  3.7 ± 1.4 

2 0.7 200 30-m buffer, coniferous 1.1 ± 0.2 3.2 ± 1.8 10.8 ± 6.5 

3 1.3 140 10-m buffer, mixed 2.1 ± 0.3 14.1 ± 5.1 47.0 ± 22.8 

4 1.8 110 Mixed 1.4 ± 0.2 21.3 ± 5.9 22.8 ± 4.3 

D Creek       

1 0 310 Coniferous 4.0 ± 0.6 15.4 ± 1.3 6.0 ± 3.2 

2 0.7 220 Coniferous + shrub 2.6 ± 0.1 16.9 ± 7.5 7.0 ± 1.7 

3 1.5 110 Mixed 1.6 ± 0.3 44.3 ± 5.2 8.2 ± 4.6 

4 2.5 40 Clear-cut, shrub 3.1 ± 0.5 109.4 ± 12.1 39.6 ± 13.5 

S Creek       

1 0 420 Thinning, coniferous 1.8 ± 0.3 18.9 ± 14.7 4.3 ± 1.7 

2 2 300 Mixed 3.4 ± 0.5 164 ± 114 13.6 ± 11.1 

3 3.3 200 30-m buffer, coniferous 3.1 ± 0.6 218 ± 150 0.8 ± 0.5 

4 4 130 Mixed 4.5 ± 0.4 225 ± 97 32.5 ± 29.2 

5 4.9 80 Coniferous 3.2 ± 0.8 455 ± 302 43.6 ± 21.1 

 456 

457 
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Table 2. F-statistics from mixed-model ANOVAs testing for effects of sampling locations at 3 458 

different spatial scales (streams, stations nested under streams, points nested under stations), 459 

occasions (only for FPOMW) and geomorphological structures (pool or riffle; only for 460 

biofilm) on chemical properties of FPOMW, FPOMS and biofilm. The effects of those factors 461 

on the concentrations of FPOMW are also shown; POC: particulate organic carbon, PON: 462 

particulate organic nitrogen. Asterisks indicate significant effects: *P <0.05, **P <0.01, ***P 463 

<0.001. The numbers in parentheses show degrees of freedom.  464 

  465 

Dependent (DFden) Source of variation (DFnum) 

FPOMW  Streams Station (Stream) Occasion  

  (2) (10) (2)  

δ13C (24) 1.08 9.63*** 1.16  

δ15N (24) 0.59 1.22 0.13  

C:N (24) 0.38 8.42*** 2.68  

Chl. a:C (24) 4.34* 2.23 1.68  

POC conc. (24) 8.03** 28.9*** 0.18  

PON conc. (24) 38.4*** 92.4*** 0.64  

Chl. a conc. (24) 7.95** 33.4*** 1.71  

FPOMS  Stream Station (Stream) Point (Station)  

  (2) (6) (15)  

δ13C (22) 3.43 2.41 0.48  

δ15N (22) 1.23 4.35** 1.78  

C:N (22) 7.99** 3.24* 0.69  

Chl. a:C (22) 0.92 2.25 2.61*  

Biofilm  Stream Station (Stream) Point (Station) Pool/Riffle 

  (3) (6) (10) (1) 

δ13C (46) 5.61** 4.24** 1.91 7.20* 

δ15N (46) 1.94 4.28** 1.60 0.00 

C:N (46) 6.58*** 4.97*** 2.19* 5.95* 

Chl. a:C (46) 2.86* 3.29** 0.42 10.2** 

 466 

467 
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Table 3. Results of regressions analyses seeking for factors related to the chemical properties of 468 

FPOMS. Four variables were tested as independent variables: irradiance (IR), streambed 469 

CPOM, and chemical properties of riparian soil (R-) and biofilm (B-). The trend of the 470 

relationships (positive or negative), P-value and coefficient of determination (R
2
) are shown 471 

for univariate models, and Akaike’s information criterion (AIC; smaller values indicate better 472 

models) and R
2
 are shown for model selection. For each dependent variable, three best 473 

models were selected based on AIC. For P-values, significant relationships are shown in bold 474 

(P <0.05). 475 

Dependent 

variables 

Independent variables Trend P AIC R2 

FPOMS δ13C CPOM + 0.017  0.42 

 IR - 0.026  0.38 

 R-δ13C + 0.14  0.19 

 B-δ13C + 0.32  0.09 

 IR, CPOM, R-δ13C   -35.2 0.72 

 IR, CPOM, R-δ13C, B-δ13C   -33.6 0.73 

 CPOM, B-δ13C   -33.5 0.63 

FPOMS δ15N R-δ15N - 0.099  0.23 

 B-δ15N + 0.16  0.17 

 IR + 0.19  0.15 

 CPOM + 0.27  0.11 

 IR, R-δ15N, B-δ15N   -14.6 0.65 

 IR, CPOM, R-δ15N, B-δ15N   -12.8 0.65 

 IR, R-δ15N   -11.7 0.48 

FPOMS C:N IR - 0.018  0.41 

 R-C:N + 0.59  0.03 

 CPOM + 0.71  0.01 

 B-C:N - 0.94  0.00 

 IR   18.7 0.41 

 IR, CPOM   20.3 0.43 

 IR, B-C:N   20.6 0.43 

FPOMS chl. a:C CPOM - 0.014  0.43 

 IR + 0.018  0.41 

 R-C:N - 0.18  0.16 

 B-chl. a:C + 0.81  0.01 

 IR, CPOM   -50.5 0.61 

 IR, CPOM, B-chl. a:C   -49.1 0.63 

 IR, CPOM, B-C:N     -48.5 0.61 

476 
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Figure legends 477 

 478 

Fig. 1 Longitudinal variations of chemical properties of FPOMW, FPOMS and biofilm in the 479 

streams; open circle: C Creek, gray square: D Creek, solid triangle: S Creek. The dots and error 480 

bars indicate mean and SE (FPOMW: n = 3, FPOMS: n = 5, biofilm: n = 6), respectively. 481 

Longitudinal variations of the concentration of particulate organic carbon in stream water are also 482 

shown. The dots and error bars are mean and SE from 3 sampling occasions. The horizontal axis 483 

is the distance from the most upper station of each stream. 484 

 485 

Fig. 2 Results of principal component analysis: (a) loadings and (b) scores. Principal Component 486 

(PC) 1 and 2 explains 32.8% and 20.0% of the variance, respectively. The station names are 487 

corresponded with Table 1.  W: FPOMW, S: FPOMS, B: biofilm, R: riparian soil, CPOM: 488 

streambed CPOM, C13: δ
13

C, N15: δ
15

N. 489 

 490 

Fig. 3 δ
13

C of in-stream and terrestrial POM, and macrobenthic invertebrates. For FPOMS, 491 

FPOMW, biofilm and riparian soil, each dot represents one station. For barks and leaves from 492 

riparian area and in-stream leaves, each dot represents one species. Taking account of trophic 493 

fractionation for one trophic step, 1‰ was subtracted from all the invertebrate δ
13

C.  494 

 495 

Fig. 4 Relationships of invertebrates δ
13

C vs. FPOM S δ
13

C and invertebrates δ
13

C vs. biofilm 496 

δ
13

C. Taking account of trophic fractionation for one trophic step, 1‰ was subtracted from all the 497 

invertebrate δ
13

C. Each dot represents one sampling station. Results of regression analysis are 498 

also shown; regressions line (dotted line), coefficient of determination and P-value. The solid line 499 

indicates 1:1.   500 
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