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Abstract 21 

Particulate organic matter transported from rivers to estuaries (POMR) varies quantitatively and 22 

qualitatively across estuaries; however, a lack of comparative studies poses a challenge in 23 

general understanding of responses of estuarine food webs to POMR input. We studied twenty 24 

estuarine tidal flats of the Pacific Northwest coast of North America, with watershed areas 25 

ranging from 7 to 8000 km
2
. We used carbon stable isotope (δ

13
C) to test the hypothesis that 26 

the nutritional contribution of POMR to macrobenthos is proportional to relative abundances of 27 

POMR in tidal flat sediments. The predominant origin of total POM (TPOM) in tidal flat 28 

sediments generally shifted from marine-origin POM (POMM) to POMR as watershed area 29 

increased; however, terrestrial-origin POMR with high C:N predominated sediment TPOM 30 

even in small watershed areas. Some macrobenthos species assimilated POM sources in 31 

proportion to sediment TPOM composition, and incorporated POMR in POMR-predominant 32 

sediments. These species were considered to have low food selectivity; however, the relative, 33 

nutritional contribution of POMR to these macrobenthos was still lower than the fraction of 34 

POMR in sediment TPOM. Meanwhile, some other species disproportionately utilized POMM 35 

and/or benthic microalgae regardless of the relative abundance of POMR, indicating their high 36 

food selectivity. The species-specific, low or high food selectivity was likely linked with 37 

deposit-feeding and filter-feeding, respectively. Hence, our hypothesis was supported 38 

conditionally. Our findings indicate that watershed area, relative abundance of POMR in an 39 

estuary, and food selectivity of estuarine species are key factors controlling the tightness of the 40 

linkage between watersheds and estuarine food webs.41 
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Introduction 42 

Particulate organic matter (POM) is an important component of materials transported from 43 

rivers to estuaries (e.g. Howarth et al. 1991; Gomi et al. 2002; Wipfli et al. 2007; Cole et al. 44 

2007). The degree of contribution of POM transported from river (POMR) to POM pools in 45 

estuarine water and sediment depends on watershed and estuarine characteristics, and varies 46 

across estuaries (Abril et al. 2002; Middelburg and Herman 2007; Sakamaki and Richardson 47 

2008a, 2008b). Furthermore, human-related disturbances to watersheds and hydrological 48 

changes due to climate change have a potential to dramatically alter the quantity and quality of 49 

POMR transported from watershed to estuary, among other materials (Howarth et al. 1991; 50 

Correll et al. 1992; Thrush et al. 2004; Syvitski et al. 2005). To date, however, the response of 51 

estuarine food webs to spatial or temporal changes in POMR input is not predictable. 52 

Previous studies have derived different conclusions on the contribution of POMR to food 53 

webs between estuaries. Some studies have demonstrated the importance of POMR for 54 

estuarine food webs (Darnaude 2005; Kasai and Nakata 2005). It was also shown that stable 55 

isotopic signatures of estuarine macrobenthos varied along an upstream-downstream gradient 56 

within a single estuary (Kasai and Nakata 2005; Doi et al. 2005). This suggests that the 57 

nutritional incorporation of POMR by those macrobenthos was proportional to the relative 58 

abundance of POMR in the POM pool of estuaries. On the contrary, many other studies have 59 

demonstrated a greater importance of other sources, such as marine-origin POM (POMM) and 60 

benthic microalgae, rather than POMR (e.g. Deegan and Garritt 1997; Kang et al. 2003; 61 

Yokoyama et al. 2005; Yokoyama and Ishihi 2007). Some of these studies concluded that diets 62 

of estuarine organisms were not associated with the relative abundance of POMR (Sobczak et al. 63 
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2002; Yokoyama and Ishihi 2003; Martineau et al. 2004). Overall, due to the inconsistent 64 

conclusions from previous studies, it is still unclear whether estuarine food webs really 65 

incorporate POMR as a basal resource. Furthermore, it is unknown how sensitively the 66 

incorporation of POMR into estuarine food webs is related to the relative abundance of POMR 67 

in estuaries. This questions how selective estuarine primary consumers are in their assimilation 68 

of trophic resources. One can expect that if primary consumers are non-selective, their diet will 69 

consist of different POM sources in proportion with the composition of ambient POM pools; in 70 

this case, nutritional incorporation of POMR is proportional to the relative abundance of POMR. 71 

On the other hand, if primary consumers are highly selective, then their nutritional 72 

incorporation of POMR is predicted to be unrelated to the relative abundance of POMR, 73 

whichever POMR or another POM source is selectively utilized. This uncertainty in the basal 74 

resource selectivity of estuarine food webs and the dietary incorporation of POMR stems from 75 

the lack of comparative studies across a broad gradient of the relative abundance of POMR in 76 

estuaries. 77 

POMR abundance in an estuary is expected to be highly dependent on physical processes, 78 

such as efflux of POMR and its retention in the estuary. A geological study, which considered 79 

watershed areas of from 100 to 6.1×10
6
 km

2
 showed that the sediment load from rivers to the 80 

ocean increases in proportion to watershed area (Milliman and Syvitski 1992). Based on this 81 

finding, it can be expected that the degree of POMR contribution to estuarine POM pool is also 82 

positively related to the watershed area. However, the prediction of the relative abundance of 83 

POMR in estuarine POM pools could be more complex, since the dispersion of POMR and its 84 

dilution by marine-origin POM (POMM) occur in estuaries. Specifically, a relationship between 85 
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the relative abundance of POMR in estuaries and watershed area has not been quantified. 86 

We studied twenty estuarine tidal flats of the Pacific Northwest coast of North America, and 87 

tested our hypothesis that across these estuaries the nutritional contribution of POMR to tidal 88 

flat macrobenthos is proportional to the relative abundance of POMR in sediment. We studied 89 

tidal flats for the following three reasons: estuarine tidal flats 1) are important and highly 90 

productive ecosystems which contribute to the high biodiversity of coastal areas, 2) are 91 

depositional, long-term repositories of mixtures of materials transported from rivers and 92 

marine systems, and 3) enable a standardized design of sampling location across estuaries, due 93 

to their ease in access and relatively spatially homogenized physical and chemical conditions. 94 

The watershed areas connecting to the studied estuaries ranged from 7 to 8000 km
2
, providing 95 

a broad gradient in quantity and quality of POMR transported into the estuaries. In this study, 96 

we also quantified the relationship between watershed area and the relative abundance of 97 

POMR in tidal flat sediments. To distinguish POM of different origins, we applied 98 

biogeochemical indicators: carbon stable isotope (δ
13

C) distinguishes marine or watershed 99 

origins, and the ratio of carbon to nitrogen (C:N) helps to discern aquatically or terrestrially 100 

produced POM. 101 

 102 

Methods 103 

Study sites—We studied 20 estuarine tidal flats encompassing a wide range of watershed areas 104 

(Table 1, Fig. 1). In particular, we collected all our samples from a total of 17 estuaries in July 105 

and August 2006, 12 of which flow into the Strait of Georgia (10 from the southeast coast of 106 

Vancouver Island and 2 from Sunshine Coast); the other 5 estuaries are located in Puget Sound, 107 
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northwestern Washington State (47°93’–49°71’N, 122°20’–124°99’W). We also included data 108 

obtained from 3 other estuaries in the Vancouver Lower Mainland from summer 2004 109 

(Sakamaki and Richardson 2008b) into data analyses of this study. 110 

Field sampling. Since comparing multiple estuaries are the cornerstone of this study, the 111 

sampling locations of all estuaries were standardized based on the following conditions. In 112 

cases where there are multiple channels within one estuarine tidal flat, we collected samples 113 

along the largest main channel. In each of the estuarine tidal flats, three sampling stations 114 

(upper, middle, and lower intertidal) were established along the main channel to span the 115 

length of the river in the intertidal zone. All sampling stations were set 5-15 m away from the 116 

river channel. At each of the three stations, we marked three points 10-15 m apart along the 117 

river channel to serve as replicate sampling points. For most of the estuarine tidal flats, the 118 

sampling stations were located within a wide, open intertidal zone bordered by long, clear tide 119 

marks. However, in the intertidal flat of two estuaries, a narrow strip of intertidal zone stretches 120 

far above the river mouth due to the low river gradient and small river discharge. In these two 121 

tidal flats, the upper station was located far above the river mouth, but the sediment total POM 122 

(TPOM) was dominated by POMM with high δ
13

C, which proved that influence of POMR was 123 

not overestimated. To standardize a consistent representation of sizes of all estuaries, we 124 

conducted all our sampling in the tidal flats at approximately the lowest of spring tides. In any 125 

given estuary, the distance between 2 consecutive sampling stations was approximately the 126 

same, but this distance varied (approximately 0.1–1 km) between estuaries depending on the 127 

size (e.g. length, gradient) of the tidal flat. All the sampling points were set in non-vegetated 128 

areas with gravel, sand or mud sediment. In most of the sampling stations, no vegetation was 129 
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found at all, although saltmarsh plant vegetation was found near the upper tidal stations in 130 

some estuaries (ca. >30 m). Coarse detritus of saltmarsh plants, seagrass and macroalgae were 131 

hardly observed around the sampling stations. 132 

To determine the chemical signatures (i.e. carbon stable isotopes, C:N) of sediment TPOM, 133 

one surface sediment core was collected using a plastic tube with a diameter of 5 cm at each 134 

replicate sampling point (a total of 9 in each estuary). The 0-1 cm layer of the sediment cores 135 

was then sliced and stored a plastic bag. Macrobenthos were collected at each replicate 136 

sampling point by excavating a 15 x 15 cm patch of sediment to a depth of 25 cm and 137 

screening the sediment through a 1 mm sieve in water. The collected macrobenthos were 138 

identified and sorted into 6 species commonly found in the estuaries studied, which are an 139 

amphipod (Corophium spinicorn), a polychaete (Nereis limnicola), and four bivalves (Macoma 140 

balthica, Mya arenaria, Venerupis philippinarum, and Nuttallia obscurata).  141 

To determine the chemical signatures of POM from different origins (POMR, POMM and 142 

benthic microalgae), water and superficial tidal flat sediment samples were also collected. For 143 

each estuary, downstream freshwater of the river was collected once at base flow conditions 144 

under fair weather after several consecutive days of fair weather. A total of six samples of 145 

offshore seawater (<50 cm in depth) were collected by boats, kayaks or by walking out on a 146 

pier (5 from Straight of Georgia, 1 from Puget Sound). For benthic microalgae, the surface 147 

sediment (ca. 3 mm) was scraped by a scoop at every replicate sampling point, and combined 148 

to form a representative sample for each station (3 samples in total in each estuary). The water 149 

and sediment samples were later processed to obtain concentrated POM and benthic 150 

microalgae. In addition, saltmarsh plant growing above intertidal flats, and macroalgae drifted 151 
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onto the intertidal flat sediments were sampled in some estuaries. 152 

In the rivers without governmental monitoring for river discharge, we measured the 153 

discharge at the river water sampling point on the sampling day using a cross-sectional 154 

measurement of depth and current velocity by a current velocity meter (Swoffer, Model 2100). 155 

For the other monitored rivers, we obtained the discharge data for the river water sampling day 156 

or closest day from government websites (Environment Canada, Washington State Department 157 

of Ecology, USGS). 158 

Sample processing and analyses. The macrobenthos except for Corophium spinicorn were 159 

dissected to obtain a specific body part for carbon stable isotope analyses. For bivalves, the 160 

foot was cut and analyzed; for polychaetes, we used the cuticle, circular and longitudinal 161 

muscles near the head of each individual and avoided the intestinal lumen.  162 

The water samples for POMR and POMM were screened through a 1 mm sieve to remove 163 

coarse particles and filtered through pre-combusted Whatman GF/F glass-fiber filters. 164 

Processing benthic microalgae samples followed a slightly modified version of Riera and 165 

Richard’s method (1996): the tidal flat sediment scraped for benthic microalgae analysis was 166 

spread to a thickness of 1-2 cm on a plastic plate, left for 1 hr under light, covered with pre-167 

combusted (2 h at 550) sand (>250 um) of ca. 5 mm thickness, and left again under light for 2 168 

hours. Throughout these processes, the sediment surface was kept moist by sometimes spraying 169 

distilled water. Then the top-most layer of sand (ca. 3 mm) was scraped, dispersed in filtered 170 

seawater, screened through a 63 μm sieve, and filtered through pre-combusted Whatman GF/F 171 

filters. 172 

All samples for carbon stable isotope and C:N (i.e. sediment, macrobenthos tissue, POMR, 173 



 9 

POMM, benthic microalgae, macroalgae and saltmarsh plant) were acidified with 10% HCl, 174 

rinsed with distilled water and dried at 60°C. The carbon stable isotopic compositions and C:N 175 

were determined by a continuous flow, isotopic ratio, mass spectrometer system (Europa, 176 

Hydra 20/20) at the University of California Davis Stable Isotope Facility. For most 177 

macrobenthos species, each individual was analyzed separately with the exception of 178 

Corophium spinicorn in which we pooled 3-5 individuals for one analysis in order for the mass 179 

to fall within range of detection of the analysis. Isotopic compositions were reported as parts 180 

per thousand deviations (‰) from Pee Dee Belemnite for δ
13

C. Carbon and nitrogen contents 181 

of the samples were also reported at the same time. 182 

Data analyses. Our discrimination of organic matter sources had possible confusions between 183 

POMR and C3 saltmarsh plants (–25.7 ± 1.6‰, n = 4) and between benthic microalgae and 184 

macroalgae (–15.9 ± 1.5‰, n = 9) due to the overlap of δ
13

C signatures. Even if we confound 185 

those sources to some extent, it does not significantly affect our interpretation of the study 186 

results due to their similarities in spatial origins; saltmarsh plant can be considered a part of 187 

POMR transported from watershed, and macroalgae can be considered in the same category 188 

with benthic microalgae. However, we basically assumed that in our study, POMM, POMR and 189 

benthic microalgae had significant effects on sediment TPOM and/or macrobenthos, whereas 190 

C3 saltmarsh plant or macroalgae had negligible contributions. This was based on the following 191 

reasons: 1) around most of the sampling stations we did not find vegetation or their coarse 192 

detritus, and 2) in many bare tidal flats, substantial contributions have been reported for POMM, 193 

POMR and benthic microalgae but not for C3 saltmarsh plants or macroalgae. Meanwhile, 194 

phytoplankton which is produced in estuaries of large rivers possibly assimilates riverine 195 
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dissolved inorganic carbon and has in low δ
13

C. Such estuary-origin phytoplankton with low 196 

δ
13

C was considered part of the POMR in this study.               197 

   For δ
13

C and C:N of tidal flat sediment TPOM and δ
13

C of each macrobenthos species, 198 

variations in those variables were tested by two-way ANOVAs with estuaries and stations as 199 

sources of variation. (The stations were nested within the estuaries.) Since the effect of 200 

estuaries predominated the variations of all the variables (see Results), the variables obtained 201 

from the three stations of each tidal flat were averaged and used for further statistical analyses. 202 

Multiple linear regression analyses were used to test the relationship of tidal flat sediment 203 

TPOM δ
13

C with sediment TPOM C:N and watershed area. Linear regression analyses were 204 

used to test the relationships for river discharge vs. watershed area (dependent vs. independent), 205 

tidal flat sediment TPOM C:N vs. watershed area, sediment organic carbon content vs. 206 

watershed area, sediment organic carbon content vs. sediment TPOM δ
13

C, benthic microalgal 207 

δ
13

C vs. sediment TPOM δ
13

C, macrobenthos δ
13

C (each species) vs. benthic microalgal δ
13

C, 208 

and macrobenthos δ
13

C (each species) vs. sediment TPOM δ
13

C. In order to evaluate intra-209 

specific variability of dietary intake, standard deviations (SDs) of macrobenthos δ
13

C were 210 

calculated for each of the macrobenthos species within each station and within each estuary. 211 

The difference of those SDs among the species was tested by Kruskal-Wallis test. T-tests and 212 

paired t-tests were used to test whether δ
13

C of each macrobenthos species significantly 213 

differed from δ
13

C of POMM and benthic microalgae, respectively. We used SAS version 9.1 214 

(SAS Inc, Cary, NC) for all the statistical analyses in this study.  215 

 216 

Results  217 
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For δ
13

C and C:N of sediment TPOM and δ
13

C of each macrobenthos species (Table 2), the 218 

variation between the estuaries (explained variance 63-90%) far exceeded the variation 219 

between the three stations within each estuary (explained variance 1-23%). Sediment TPOM 220 

with relatively high δ
13

C had low C:N, whereas that with relatively low δ
13

C showed a wide 221 

range of C:N (Fig. 2). The means of δ
13

C for POM sources potentially involved in POM pool 222 

of the studied estuarine tidal flats were as follows: POMR; -25.9 ± 2.0‰ (mean ± SD, n = 20), 223 

POMM; -19.4 ± 2.2‰ (n = 6), benthic microalgae; -17.9 ± 2.3‰ (n = 20). Sediment TPOM 224 

δ
13

C (‰, Y) was negatively related to both sediment TPOM C:N (X1) and watershed area (km
2
, 225 

X2) (R
2
 = 0.72, Y = -0.42X1 – 1.03Log10X2 – 15.2, X1: P <0.0001, X2: P = 0.0009). Sediment 226 

TPOM C:N was not related to watershed area (P = 0.78). The discharge (m
3
 s

-1
, Y) was 227 

positively related to watershed area (km
2
, X) (R

2
 = 0.92, Y = 0.025X – 6.32, P <0.0001). The 228 

organic carbon content of tidal flat sediments was not significantly related to either watershed 229 

area (P = 0.10) or sediment TPOM δ
13

C (P = 0.34).   230 

The relationship between macrobenthos δ
13

C and sediment TPOM δ
13

C was significant and 231 

positive for three of six species analyzed, i.e., Nereis limnicola, Macoma balthica and 232 

Corophium spinicorne (Fig 3, Table 3). The variance of macrobenthos δ
13

C within each station 233 

and within each estuary significantly differed between the macrobenthos species (Kruskal-234 

Wallis test: χ
2
 = 11.4, DF = 5 and P = 0.044 for within each station; χ

2
 = 29.5, DF = 5 and P 235 

<0.0001 for within each estuary) (Table 3). Nereis limnicola, Macoma balthica and Corophium 236 

spinicorne showed relatively larger variances within each station as well as within each estuary, 237 

compared with the other three species. For these three species with larger variance in δ
13

C, 238 

δ
13

C of most individuals were higher than that of sediment TPOM (after 1‰ was subtracted 239 
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from macrobenthos δ
13

C taking account of trophic fractionation (Deniro and Epstein 1978)). 240 

Some individuals of these species had much higher δ
13

C than δ
13

C of any potential sources 241 

considered (i.e., POMM, POMR, benthic microalgae); this was most evident in Macoma 242 

balthica as nearly all individuals have δ
13

C signatures higher than that of potential sources. 243 

Some other individuals of these three species had δ
13

C relatively closer to δ
13

C of POMR 244 

particularly in the relatively lower δ
13

C of sediment TPOM. 245 

For the other three species analyzed, Venerupis philippinarum, Mya arenaria, and Nuttallia 246 

obscurata, their δ
13

C showed no significant relationship with sediment TPOM δ
13

C. We found 247 

exceptionally low δ
13

C for Mya arenaria and Nuttallia obscurata in a single estuary (the #14 248 

estuary, indicated by arrows in Fig. 3). However, even after excluding the data from this 249 

estuary, the relationships between their δ
13

C and sediment TPOM δ
13

C were still not significant. 250 

For these three species, δ
13

C of most individuals clustered tightly near δ
13

C of POMM and 251 

benthic microalgae regardless of sediment TPOM δ
13

C. δ
13

C of these three species as well as 252 

Corophium spinicorne did not significantly differ from δ
13

C of POMM (t-test: P >0.28) and 253 

benthic microalgae (paired t-test: P >0.077), whereas δ
13

C of Nereis limnicola and Macoma 254 

balthica significantly deviated from δ
13

C of POMM (P <0.004) and benthic microalgae (P 255 

<0.030).  256 

Across estuaries there was no significant relationship between macrobenthos δ
13

C and 257 

benthic microalgae δ
13

C (P >0.15 for all the 6 species), or between benthic microalgae δ
13

C 258 

and sediment TPOM δ
13

C (P = 0.72). 259 

 260 

Discussion 261 
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Relative abundance of POMR in tidal flat sediments―Generally, benthic microalgae is a minor 262 

fraction of sediment TPOM composition (Cook et al. 2004, Sakamaki and Nishimura 2006). 263 

Thus, based on comparison of sediment TPOM δ
13

C for POMM and POMR, relatively higher 264 

sediment TPOM δ
13

C suggests POMM predominance in the sediment, whereas lower sediment 265 

TPOM δ
13

C suggests POMR predominance. As predicted, the predominant origin of sediment 266 

TPOM generally shifted from POMM to POMR across the estuarine tidal flats with increasing 267 

watershed area. Larger river discharge is expected to increase POMR flux into the estuary, and 268 

enhance fluvial force to distribute POMR to a wider area around the estuary. Our results 269 

provide a quantitative context for predicting the POMR predominance in tidal flat sediment 270 

TPOM based on watershed area. However, we need to note that in our study, the POMR 271 

contribution to the estuarine tidal flat POM pool is possibly higher than other parts of estuary 272 

and/or other regions due to the following two reasons in regards to our study design. First, our 273 

sampling stations are limited to areas of the intertidal flat near the river channel where they 274 

may be affected by POMR more significantly than other parts of an estuary. Second, many of 275 

the watersheds where we studied contained relatively steep mountainous areas, so such a 276 

geological feature of the studied region may enhance POMR inputs to the estuaries (Milliman 277 

and Syvitski 1992). 278 

POMR has diverse origins, e.g., anthropogenic, terrestrial plant, freshwater algae, and its 279 

composition depends in part on watershed characteristics (e.g. discharge, water chemistry) 280 

(Hopkinson et al.1998, Onstad et al. 2000), whereas POMM is in general represented by 281 

phytoplankton. This explains our finding that the POMR-predominant estuarine tidal flats had a 282 

broader rage of C:N, compared with POMM-predominant estuaries. Importantly, our results 283 
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indicate that when sediment TPOM C:N is high, POMR can predominate sediment TPOM even 284 

with a small watershed area. The relatively higher C:N is probably due to high contribution of 285 

terrestrial-origin organic matter. In general, terrestrial-origin organic matter with high C:N 286 

tends to be less degradable than aquatically produced organic matter with low C:N (e.g. algae) 287 

(Enríquez et al. 1993). Therefore, if such low-degradable terrestrial POM enters tidal flat 288 

sediments, and if the hydrodynamic conditions are sufficiently calm to retain it within the 289 

sediment, it can remain for a long time. Even sporadic inputs of terrestrial POM due to human-290 

caused disturbance (e.g. forestry, agricultural activities) and/or natural events (e.g. landslide, 291 

erosion) in watersheds could cause substantial and durable effects on the chemical properties of 292 

tidal flat sediments. Such characteristics of terrestrial POM input and retention may be 293 

responsible for the difficulty in predicting its predominance in tidal flat sediments. 294 

Nutritional contribution of POMR to macrobenthos―The significant relationships between 295 

sediment TPOM δ
13

C and macrobenthos δ
13

C, which were shown for Nereis limnicola, 296 

Macoma balthica and Corophium spinicorne, indicate that they utilized sediment TPOM less 297 

selectively and that their diets were linked tightly with the POM source compositions of 298 

sediment TPOM. It should be noted that the lack of significant relationship of benthic 299 

microalgae δ
13

C with either sediment TPOM δ
13

C or macrobenthos δ
13

C indicates that benthic 300 

microalgae δ
13

C was independent of sediment TPOM δ
13

C, and benthic-microalgae-feeding by 301 

macrobenthos was not responsible for the significant relationships between sediment TPOM 302 

δ
13

C and macrobenthos δ
13

C. For these three macrobenthos species with low food selectivity, 303 

the individuals with lower δ
13

C than δ
13

C of POMM and benthic microalgae, which were found 304 

in relatively lower sediment TPOM δ
13

C, likely assimilated POMR as a food source. These 305 
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findings basically support our hypothesis that across multiple estuaries, the nutritional 306 

contribution of POMR to macrobenthos is proportional to the relative abundance of POMR in 307 

sediment. 308 

    Although the POMR use by the above three macrobenthos species was proportional to the 309 

POMR abundance, the slope in the regression between sediment TPOM δ
13

C and macrobenthos 310 

δ
13

C was between 0 and 1. This indicates that the relative, nutritional contribution of POMR to 311 

the macrobenthos was lower than the fraction of POMR in sediment TPOM. Therefore, the 312 

three macrobenthos species with less food selectivity (i.e. Nereis limnicola, Macoma balthica 313 

and Corophium spinicorne) still had some degree of bias towards particular sources with 314 

relatively higher δ
13

C than POMR (e.g. POMM, benthic microalgae) through their foraging 315 

and/or assimilation processes. POMR was one of the substantial food sources for these species 316 

in the POMR-abundant estuaries, but its contribution was not overwhelmingly predominant.  317 

In contrast to the abovementioned three species, the diets of Venerupis philippinarum, Mya 318 

arenaria and Nuttallia obscurata likely utilized benthic microalgae and/or POMM selectively, 319 

being less affected by the predominant origin of sediment TPOM. Venerupis philippinarum, 320 

Mya arenaria and a subspecies of Nuttallia obscurata are known to practice filter-feeding 321 

(Nakamura 2001, Sakamaki et al. 2002, Forster and Zettler 2004). Thus, filter-feeding may be 322 

responsible for their tight nutritional linkage to POMM and/or benthic microalgae both of 323 

which can be major components of algal POM in estuarine water (de Jonge and van Beusekom 324 

1992). Although POMR was not a substantial food source for these species in most of the 325 

estuaries, we found one single estuary with exceptionally low δ
13

C for Mya arenaria and 326 

Nuttallia obscurata. This estuary has a small watershed and no significant contribution of 327 
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POMR to the sediment POM pool, but receives the input of algal-predominant POMR from the 328 

river with by far the highest algal concentration compared with rivers of the other studied 329 

estuaries (Sakamaki and Richardson 2008b). This idiosyncratic case suggests that these species 330 

utilize algal-origin POM regardless of its spatial origin, and also can incorporate POMR 331 

substantially through filter-feeding even in the lack of POMR predominance in sediment. 332 

For Corophium spinicorne, Macoma balthica and Nereis limnicola, it is plausible that their 333 

deposit feeding is responsible for their lower selectivity in food source incorporation as well as 334 

their proportional use of POMR to the relative abundance of POMR in sediment. Meanwhile, 335 

for these three species, the dietary sources and pathways are probably diversified within each 336 

species, as their δ
13

C showed wide intra-specific variability. Many macrobenthos species, 337 

including Corophium spinicorne and Macoma balthica, have been reported to switch their 338 

feeding behavior between filter- and deposit-feeding, depending on environmental conditions 339 

such as food availability, water current and predation risk (Riisgård and Kamermans 2001). 340 

Thus, the intra-specific diversity in food source utilization may be explained partially by 341 

difference in switching feeding behavior between individuals and small spatial scale 342 

differences in food sources. 343 

The dietary pathways for the less selective species likely includes not only direct feeding on 344 

POMM, POMR and/or benthic microalgae but also some other indirect feeding on such basal 345 

resources, since some individuals showed higher δ
13

C than these potential sources taken into 346 

account. There are some possible pathways which could cause such high macrobenthos δ
13

C. 347 

These macrobenthos may have practiced opportunistically omnivorous feeding, which can 348 

include consumption of meiobenthos and small macrobenthos, particularly due to their 349 
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unselective deposit feeding (Tita et al. 2000). This potentially increases their δ
13

C from that of 350 

the original basal organic matter sources by trophic fractionation (Deniro and Epstein 1978). 351 

Bacterial production can also cause isotopic fractionation; in some cases, bacterial δ
13

C 352 

increases (Macko and Estep 1984). Therefore, it is possible that the macrobenthos fed on 353 

bacteria growing on organic/inorganic particles of sediment (Findlay and Tenore 1982; Crosby  354 

et al. 1990; van Oevelen et al. 2006; Alfaro  et al. 2006) and caused the higher macrobenthos 355 

δ
13

C than sediment TPOM δ
13

C. However, direction and degree of isotopic fractionation 356 

through bacterial production greatly depend on biochemical component of substrate (Hullar et 357 

al. 1996; Bouillon and Boschker 2006), so the effects of bacteria-feeding on macrobenthos 358 

δ
13

C remains unclear. 359 

Our results suggest that macrobenthos species showing nutritional dependence on POMR 360 

have characteristics which make it difficult to, through the use of stable isotopes, correctly 361 

evaluate POMR contribution to those macrobenthos: i.e., indirect incorporation of POM with 362 

isotopic fractionation can occur and there can be high intra-specific variability in dietary 363 

sources and pathways. These are likely distinct for deposit-feeding macrobenthos. Although 364 

indirect pathways (e.g. bacterivory, omnivory) and the degree of its effect on macrobenthos 365 

δ
13

C have not been specified, they could potentially mislead the estimation of POMR 366 

contribution to macrobenthos diets. Caraco et al. (1998) has also pointed out a similar issue due 367 

to potential bacterial mediation in evaluation of POMR importance for estuarine food webs 368 

using stable isotopic signatures. Meanwhile, the high intra-specific variability in dietary intake 369 

potentially confounds representativeness of the estimation of POMR contribution to a targeted 370 

species. Hence, in future studies as well as reviews of past studies, POMR contribution to 371 
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estuarine food webs needs to be carefully evaluated taking into account these factors that 372 

potentially affect the evaluation.  373 

 374 

Conclusions 375 

Watershed area was a significant predictor for the strength of the POMR effect on tidal flat 376 

sediments in most of the estuaries, although the predominance of terrestrial-origin POMR with 377 

high C:N in the tidal flat sediment was not predictable by watershed area. For some 378 

macrobenthos species, the nutritional contribution of POMR was proportional to the relative 379 

abundance of POMR in the tidal flat sediments. Such non-selectivity of their diet is considered 380 

to be due to their deposit-feeding. However, it should be noted that even such less selective 381 

species still could have some degree of bias towards other sources such as POMM and/or 382 

benthic microalgae. In the tidal flat with abundant POMR, these less-selective species 383 

substantially utilized POMR, but the nutritional contribution of POMR was not overwhelming. 384 

On the contrary, some other species were not sensitive to the relative abundance of POMR in 385 

the tidal flat sediments, and disproportionately utilized POMM and benthic microalgae in most 386 

estuaries. These highly selective species probably depended greatly on filter-feeding. Overall, 387 

these results indicate that POMR plays a nutritionally important role in estuarine food webs 388 

when the relative abundance POMR is high and estuarine organisms are less selective in their 389 

food utilization. Our findings highlight the importance of watershed area, relative abundance of 390 

POMR in estuaries, and food selectivity of estuarine species as factors controlling the tightness 391 

of the linkage between watersheds and estuarine food webs. 392 

 393 
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Fig. 1 Studied estuaries in the Pacific Northwest coast region of North America. The numbers 518 

show the locations of estuaries corresponding to the IDs in Table 1.  519 

 520 

Fig. 2 Relationship between chemical properties of tidal flat sediment TPOM (δ
13

C and C:N) 521 

and watershed area. Each data point represents one estuary.  522 

 523 

Fig. 3 Relationship between macrobenthos δ
13

C and sediment TPOM δ
13

C for 6 macrobenthos 524 

species. Each white dot represents one individual macrobenthos sample. Each black dot 525 

represents a mean in one estuary. The dotted lines indicate the δ
13

C values for benthic algae, 526 

POMM, and POMR; they serve to compare with macrobenthos δ
13

C as well as sediment TPOM 527 

δ
13

C. Plotted macrobenthos diet δ
13

C have been corrected for trophic fractionation (1 ‰). A 528 

point would lie on the 1:1 line if δ
13

C of macrobenthos diet was equivalent to sediment TPOM 529 

δ
13

C. The regression line is for the black dots (estuary representatives), and the detailed results 530 

of the regression analyses are shown in Table 3. In the regression analysis for Mya arenaria 531 

and Nuttallia obscurata, both cases, where a point from one estuary indicated by the arrow was 532 

included and excluded, were considered.    533 

534 
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Table 1 Studied estuarine tidal flats 535 

 536 

Main rivers entering studied 

estuaries ID 

Watershed area 

(km
2
) Latitude Longitude 

Vancouver Island      

Courtenay River 1 861 49
○
40’N 124

○
58’E 

Trent River 2 82 49
○
38’N 124

○
55’E 

Wilfred Creek 3 28 49
○
29’N 124

○
47’E 

Rosewall Creek 4 44 49
○
28’N 124

○
46’E 

Nile Creek 5 20 49
○
25’N 124

○
38’E 

Little Qualicum River 6 248 49
○
21’N 124

○
29’E 

French Creek 7 69 49
○
20’N 124

○
21’E 

Englishman River 8 323 49
○
19’N 124

○
17’E 

Nanaimo River 9 826 49
○
07’N 123

○
54’E 

Cowichan River 10 1235 48
○
45’N 123

○
38’E 

Sunshine Coast      

Anderson Creek 11 39 49
○
38’N 123

○
59’E 

Roberts Creek 12 29 49
○
25’N 123

○
38’E 

Greater Vancouver area      

Noons Creek 13 7 49
○
17’N 122

○
50’E 

irrigation creek 14 27 49
○
04’N 122

○
54’E 

Nicomekl River 15 179 49
○
03’N 122

○
51’E 

Washington State      

California Creek 16 74 48
○
57’N 122

○
44’E 

Nooksack River 17 3237 48
○
46’N 122

○
34’E 

Samish River 18 228 48
○
33’N 122

○
27’E 

Skagit River 19 8011 48
○
17’N 122

○
23’E 

Stillaguamish River 20 1443 48
○
11’N 122

○
22’E 

 537 

538 
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Table 2 Results of 2-way ANOVAs to assess relative importance of the effects of estuary and 539 

station on chemical properties of tidal flat sediment and macrobenthos δ
13

C. The stations were 540 

nested under the estuaries.  541 

 542 

 Source of variation 

 Estuary  Station 

 DFnum DFden F P  DFnum DFden F P 

Sediment TPOM          

δ13C 120 19 39.3 <0.0001  120 40 6.6 <0.0001 

C:N 120 19 37.5 <0.0001  120 40 2.9 <0.0001 

Macrobenthos δ13C          

Corophium spinicorn 39 19 18.8 <0.0001  39 11 9.8 <0.0001 

Macoma balthica 35 18 11.5 <0.0001  35 11 1.7 <0.0001 

Nereis limnicola 36 15 19.8 <0.0001  36 9 6.0 <0.0001 

Nuttallia obscurata 51 16 9.6 <0.0001  51 16 1.2 0.2758 

Mya arenaria 15 8 20.9 <0.0001  15 6 9.7 0.0002 

Venerupis philippinarum 12 7 16.0 <0.0001  12 2 0.5 0.6253 

543 
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 544 

Table 3 Results of regression analysis for macrobenthos δ
13

C (Y) vs. sediment δ
13

C (X), and 545 

medians of standard deviation of macrobenthos δ
13

C within single station and within single 546 

estuary. The results for regression include the number of estuaries where the species was 547 

analyzed (n), coefficient of determination (R
2
), probability for a = 0 (P), parameters estimated 548 

for the model, Y = aX + b, and 95% confidence interval for a (in round parenthesis). For the 549 

results of Mya arenaria and Nuttallia obscurata in square brackets, the #14 estuary, which had 550 

macrobenthos δ
13

C deviated from other estuaries (indicated by the arrow in Fig. 3), was 551 

excluded. 552 

 553 

 Regression  Median SD of δ13C 

Species n R2 P a (95%CI) b  Station Estuary 

Nereis limnicola 16 0.39 0.010 0.65 (0.18 – 1.12) -3.14  0.60 0.85 

Macoma balthica 16 0.25 0.047 0.63 (0.01 – 1.24) -1.26  0.47 0.64 

Corophium spinicorn 17 0.29 0.027 0.45 (0.06 – 0.84) -11.42  0.39 0.87 

Venerupis philippinarum 7 0.52 0.069 0.30 (-0.03 – 0.64) -12.16  0.32 0.32 

Mya arenaria 9 0.05 0.567 -0.18 (-0.90 – 0.54) -23.56  0.12 0.35 

[ 8 0.16 0.329 0.26 (-0.34 – 0.86)  -13.06 ]   

Nuttallia obscurata 16 0.001 0.920 -0.02 (-0.48 – 0.44) -19.18  0.26 0.32 

[ 15 0.18 0.111 0.19 (-0.05 – 0.43) -14.26 ]   

 554 

555 
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Fig. 3 588 
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