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Abstract

Estuary-wide benthic macrofauna–habitat associations in Willapa Bay, Washington, United States, were determined for 4 habitats (eelgrass [Zostera marina], Atlantic cordgrass [Spartina alterniflora], mud shrimp [Upogebia pugettensis], ghost shrimp [Neotrypaea californiensis]) in 1996 and 7 habitats (eelgrass, Atlantic cordgrass, mud shrimp, ghost shrimp, oyster [Crassostrea gigas], bare mud/sand, subtidal) in 1998. Most benthic macrofaunal species inhabited multiple habitats; however, 2 dominants, a fanworm, Manayunkia aestuarina, in Spartina, and a sand dollar, Dendraster excentricus, in subtidal, were rare or absent in all other habitats. Benthic macrofaunal Bray–Curtis similarity varied among all habitats except eelgrass and oyster. There were significant differences among habitats within- and between-years on several of the following ecological indicators: mean number of species (S), abundance (A), biomass (B), abundance of deposit (AD), suspension (AS), and facultative (AF) feeders, Swartz's index (SI), Brillouin's index (H), and jackknife estimates of habitat species richness (HSR). In the 4 habitats sampled in both years, A was about 2.5× greater in 1996 (a La Niña year) than 1998 (a strong El Niño year) yet relative values of S, A, B, AD, AS, SI, and H among the habitats were not significantly different, indicating strong benthic macrofauna–habitat associations despite considerable climatic and environmental variability. In general, the rank order of habitats on indicators associated with high diversity and productivity (high S, A, B, SI, H, HSR) was eelgrass = oyster ≥ Atlantic cordgrass ≥ mud shrimp ≥ bare mud/sand ≥ ghost shrimp = subtidal. Vegetation, burrowing shrimp, and oyster density and sediment %silt + clay and %total organic carbon were generally poor, temporally inconsistent predictors of ecological indicator variability within habitats. The benthic macrofauna–habitat associations in this study can be used to help identify critical habitats, prioritize habitats for environmental protection, index habitat suitability, assess habitat equivalency, and as habitat value criteria in ecological risk assessments in Willapa Bay.
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1. Introduction

Natural and anthropogenic stressors can alter estuarine habitats consequently putting the biotic populations and communities associated with the habitats and the ecosystem goods and services (Costanza et al., 1997) they provide at risk. In this paper we report the results of 2 estuary-wide studies of benthic macrofauna–habitat associations in Willapa Bay, Washington, USA. This research is part of an effort to develop empirical models of biota–habitat associations that can be used to help identify critical habitats, prioritize habitats for environmental protection, index habitat suitability (U.S. Fish and Wildlife Service, 1980 and Kapustka, 2003), perform habitat equivalency and compensatory restoration analyses (Fonseca et al., 2002 and Kirsch et al., 2005), and as habitat value criteria in ecological risk assessments (Obery and Landis, 2002, Ferraro and Cole, 2004 and Landis et al., 2004).

Willapa Bay is a large (260 km2), shallow, highly productive, drowned river valley estuary on the Pacific Northwest (PNW) coast of the United States (124°06′W, 46°24′N; Fig. 1) with tidal flats covering > 50% of its area (Hedgpeth and Obrebski, 1981). We classified habitats in Willapa Bay by bathymetry (intertidal, subtidal) and the presence or absence and kind of habitat-forming or ecosystem engineering species (Jones et al., 1994). We investigated 4 habitats (intertidal eelgrass [Zostera marina], Atlantic cordgrass [Spartina alterniflora], mud shrimp [Upogebia pugettensis], and ghost shrimp [Neotrypaea californiensis]; hereafter referred to using the genus name alone) in 1996 and 7 habitats (intertidal Zostera, Spartina, Upogebia, Neotrypaea, grow-out [two- to three-year old] oyster [Crassostrea gigas] culture grounds, bare mud/sand, and subtidal) in 1998. Major large-scale stressors in PNW estuaries are sediment load, nutrients, and invasive non-indigenous species (Williams and Zedler, 1992). The habitats we investigated are environmentally important because they account for most of the area of Willapa Bay and many other PNW estuaries, are alternative states (Van de Koppel et al., 2001 and Suding et al., 2004) that are likely to change as a function of the major stressors, and they are known or thought to harbor different benthic macrofaunal assemblages (Orth, 1973, Rader, 1984, Posey, 1986, Posey et al., 1991, Posey et al., 2003, Trianni, 1996, Zipperer, 1996, Boström and Bonsdorff, 1997, Hemminga and Duarte, 2000, Angradi et al., 2001, Bowden et al., 2001, Dumbauld et al., 2001, Ferraro and Cole, 2004 and Neira et al., 2005).
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Fig. 1. Habitat map of Willapa Bay showing habitat areas and random stations sampled in each habitat in 1998.

Our primary research objectives were to develop quantitative, estuary-scale models of benthic macrofauna–habitat associations and determine their temporal robustness across the 4 habitats (Zostera, Spartina, Upogebia, Neotrypaea) common to both (1996, 1998) studies. We also explored potential within-habitat relationships between a variety of benthic macrofaunal indicators and ecosystem engineering species density, sediment %silt + clay, and sediment %total organic carbon (TOC) to determine their effect on the benthic macrofauna within each habitat and whether a reclassification of any of the habitats, for example, dividing Zostera into 2 (<50% and ≥50% cover) Zostera habitat classes, was warranted. Results are discussed in the context of basic and applied benthic macrofaunal distributional ecology.

2. Materials and methods

The materials and methods used in our 1996 study are presented in Ferraro and Cole (2004). The most cost effective materials and methods identified in that study were used in our 1998 study. Both studies employed an estuary-wide, stratified by habitat sampling design. A habitat map of Willapa Bay (Fig. 1) was constructed using the best available information. Information sources for Zostera, Spartina, Upogebia, and Neotrypaea habitat layers are in Ferraro and Cole (2004). Gibbs plots of classes I and II oyster lands (Hedgpeth and Obrebski, 1981) were used to identify potential oyster culture grounds. All intertidal areas not covered by the previously identified habitat layers were assumed to be bare mud/sand. Subtidal habitat was operationally defined as areas ≤ −2 feet mean low low water in the U.S. National Oceanic and Atmospheric Administration (NOAA), National Ocean Service 1953 bathymetric survey of Willapa Bay.

Habitat areas were digitized and entered as data layers in a geographic information system (ESRI ArcView). Our goal of sampling 10 stations per habitat in 1996 was increased to 15 stations per habitat in 1998 for greater cost effectiveness (Ferraro and Cole, 2004). Forty-five random stations were identified for potential sampling within each of the 4 (in 1996: Zostera, Spartina, Upogebia, Neotrypaea) or 7 (in 1998: Zostera, Spartina, Upogebia, Neotrypaea, oyster, bare mud/sand, subtidal) habitats using a Generalized Random Tessellation Stratified design (Stevens, 1997) in which each habitat was overlaid by a sampling grid of hexagons, to distribute sampling throughout its area, and stations were located randomly within the hexagons. The additional stations identified for potential sampling in each habitat were used as alternates and visited in order as necessary when stations were not in the expected habitat. The minimum habitat patch size in which samples were collected was 5 m diameter. Field stations were located using Magellan DLX-10 Global Positioning Systems (GPS) accurate to 100 m due to the inability to receive a differential signal at the study site. The same random stations were targeted for sampling in Zostera, Spartina, Upogebia, and Neotrypaea in 1996 and 1998, but, due to the accuracy with which stations were located, changes in habitat, and different sample sizes, the 1996 and 1998 stations were not matching, and the data were analyzed as simple random and not as random repeated samples.

2.1. Field sampling

Field samples were collected in August–September 1996 and August 1998 during daytime low tides. Intertidal stations were accessed by hovercraft or on foot. Subtidal samples were collected from a boat using a 0.06 m2 van Veen grab with top flaps through which samples were collected and field measurements were made.

Sample date, time, GPS position, habitat, sediment type, sediment temperature (±0.5 °C) at 2 cm depth, and salinity (±0.5; Practical Salinity Scale) of the overlying water, or, at exposed intertidal stations, the interstitial water, were routinely recorded at each station. Temperature was measured with a field thermometer and salinity with a Sper Scientific refractometer. In 1996 and 1998 counts of Upogebia or Neotrypaea burrow holes at each station within a 0.25 m2 quadrat were recorded to estimate Upogebia and Neotrypaea density (Posey, 1986 and Dumbauld et al., 2001). In 1996 counts of Zostera or Spartina shoots within the quadrat were recorded. In 1998 visual estimates were made of the percent cover of Zostera, Spartina, oyster, algae, and open substrate within the quadrat. We switched from vegetation shoot counts in 1996 to percent cover in 1998 because both are standard descriptors of seagrass density (Duarte and Kirkman, 2001) but the latter are easier, quicker, more fully describe environmental conditions than vegetative shoot counts alone, and Zostera shoot counts and percent cover are highly correlated (r = 0.96, p < 0.001; Young et al., 1998).

In 1996 4 benthic core samples (each core 0.005 m2 × 5-cm deep) were collected adjacent to each other at each station and their contents were sieved through stacked 1.0 and 0.5 mm mesh screens to generate benthic macrofaunal data sets for 4 sample unit sizes by aggregating data obtained from all possible combinations of 1 (=0.005 m2 × 5-cm deep sample unit), 2 (=0.01 m2 × 5-cm deep sample unit), 3 (=0.015 m2 × 5-cm deep sample unit), and 4 (=0.02 m2 × 5-cm deep sample unit) cores, and 2 (≥1.0 and ≥0.5 mm) animal size fractions (Ferraro and Cole, 2004). In 1998 benthic macrofaunal samples were collected using the most cost effective sample unit (2 cores = 0.01 m2 × 5-cm deep sample unit) and sieve mesh size (0.5 mm) identified in our 1996 study (Ferraro and Cole, 2004). Since the sample depth (5 cm) and sieve mesh size (0.5 mm) were the same for all the samples analyzed in this paper, hereafter, we refer to samples by only their number of cores and/or surface area. When data analyses required the same sample unit size for valid scientific inference, they were conducted on 1996 and 1998 0.01 m2 (2-core) sample data as described below. Some 1996 data analyses (see Section 2.3) were conducted on both 0.02 and 0.01 m2 sample data to determine the effect, if any, of sample area on the results. Otherwise, data analyses were conducted with data from the largest sample unit collected, that is, 0.02 m2 and 0.01 m2 sample data for 1996 and 1998, respectively.

A 5-cm deep sediment sample was taken adjacent to the benthic macrofaunal core samples at each station, stored on ice, split in the laboratory into sediment grain size and TOC samples, and refrigerated at 4 °C and −10 °C, respectively, until analyzed. Sediment grain size (%sand, %silt, %clay) was determined by the sieve and pipette method (Buchanan, 1984) and TOC on acidified sediment samples by combustion (Perkin Elmer Model 2400 CHN) (Tetra Tech, 1986).

Benthic macrofauna were preserved in buffered 10% formalin, stained with Rose Bengal, transferred to 70% ethanol, and sorted under magnification to remove macrofauna. For data quality assurance, 10% of each sorted sample was resorted and if the number of benthic macrofauna found indicated <95% sorting efficiency then the entire sorted sample was resorted. Megafauna (>3 cm) (1 in 1996; 5 in 1998) and meiofauna (<0.5 mm) were excluded from the data sets. All benthic macrofauna collected in each sample after sorting and resorting were weighed to determine total biomass (±0.01 g). Benthic macrofaunal specimens in each sample were identified to the lowest possible taxon, usually species, and counted.

2.2. Ecological indicators

Benthic macrofaunal community structure, composition, and diversity were measured in terms of 10 commonly used, ecologically relevant indicators that reflect a wide range of potential ecological effects: (1) number of species, or lowest identifiable taxon, per replicate (S); (2) abundance of all taxa per replicate (A); (3) total biomass of all taxa (g, wet wt) per replicate (B); (4) abundance of deposit feeders per replicate (AD); (5) abundance of suspension feeders per replicate (AS); (6) abundance of facultative (deposit and suspension) feeders per replicate (AF); (7) Swartz's index (SI), which is the minimum number, or fraction, of species whose combined abundance is equal to 75% of the individuals (Swartz et al., 1985) per replicate; (8) Brillouin's (1962) index (H) per replicate; (9) habitat species richness (HSR) = the estimated total number of species in each habitat using Heltshe and Forrester's (1983) jackknife procedure: 

HSR=y0+(n−1/n)k,
where y0 is the total number of species collected in the entire pool of n samples collected in the habitat, and k is the number of replicate-unique species, that is, the number of species that occurred in one and only one sample. The formula for the variance of HSR is

where j is the number of unique species in a replicate sample, and fj is the number of replicate samples containing j unique species (j = 1, 2, 3,…, s) (Heltshe and Forrester, 1983); and (10) Bray–Curtis similarity (Bray and Curtis, 1957) on square-root transformed data (Clarke and Warwick, 2001).

The S, A, and B are measures of community structure (Pearson and Rosenberg, 1978). Summary statistics for A and potential fish and crab prey abundance in 1996 (Ferraro and Cole, 2004) and 1998 (data available from the authors upon request) were essentially the same. The AD, AS, and AF are feeding guild indicators that relate to community function (Pearson, 2001). Fauchald and Jumars, 1979, Word, 1990, Dauer et al., 1981 and Castillo et al., 2000, and Dauer (personal communication) were the principal references used to assign benthic macrofaunal taxa to feeding guilds. SI is a diversity index that primarily reflects changes in abundant species. H is a diversity index derived from information theory that is sensitive to the presence of rarer species (Pielou, 1975). Since sampling in this study was within habitats estuary wide, HSR estimates the total number of species in each habitat at the estuary scale. Bray–Curtis similarity is a measure of sample similarity in species composition and abundance (Clarke, 1993).

2.3. Data analyses

One-way analyses of variance (ANOVA) with main factor habitat, multiple comparisons Šidák t-tests, and two-way ANOVA with main factors habitat (Zostera, Spartina, Upogebia, Neotrypaea) and year (1996, 1998), and habitat × year interaction were performed on indicators (1)–(8) (Section 2.2) on the form of the data (Y, , log10[Y + 1]) that best met the parametric assumptions of normality (N) (Shapiro–Wilk statistic, p > 0.01) and homogeneity of variances (HOV) (Fmax test, p > 0.01) (SAS Institute Inc., 1988 and Sokal and Rohlf, 1995). One-way ANOVA tested the null hypotheses (H0): no significant (α = 0.05) differences in mean indicator values among habitats. Šidák t-tests tested the H0: no significant (experimentwise α = 0.05) pair-wise habitat differences in indicator means. In the two-way ANOVA, main factor H0 were: no significant (α = 0.05) differences in mean indicator values among habitats or years, and habitat × year H0 were: no significant (α = 0.05) differences in relative mean indicator values among habitats between years. As data comparability was required for valid between-year statistical inferences, all ANOVA and Šidák t-tests were performed on 1996 and 1998 0.01 m2 (2-core) sample data. Since there were 6 possible 2-core sample unit 1996 data sets, formed by aggregating data from cores 1 + 2, 1 + 3, 1 + 4, 2 + 3, 2 + 4, and 3 + 4, analyses on 1996 data were performed on all 6 data sets and statistical inferences were drawn from the mean probability level of the 6 tests.

Tukey-type multiple comparisons tests for proportions (Zar, 1984) were used to test the H0: no significant (experimentwise α = 0.05) among-habitat differences in total AD, AS and AF as a proportion of total A.

Species-accumulation curves (cumulative mean number of species in 1, 2,…, n-pooled samples = f[n]) were generated for each habitat and year using data from the largest sample unit size collected to show the relationship between the mean number of species encountered as a function of the sample area and n. An n was deemed sufficient for estimating HSR if HSR was less than twice the total number of species collected in the habitat (Krebs, 1989). After testing and finding var(HSR) homogeneous (Fmax test, p > 0.01), among habitat differences in HSR were determined using the Tukey–Kramer method for multiple comparisons (experimentwise α = 0.05; Sokal and Rohlf, 1995).

Non-metric multidimensional scaling (MDS) analyses were performed on Bray–Curtis similarity and the H0: no significant (α = 0.05) differences in Bray–Curtis similarity among habitats were tested by one-way analysis of similarities (ANOSIM) (Clarke and Green, 1988) using the ANOSIM routine in PRIMER-E (Clarke and Warwick, 2001). Similarities are adequately represented by distances (entities most similar closest together and those least similar furthest apart) in MDS plots with stress values < 0.2 (Clarke, 1993). Stepwise MDS analyses were conducted to identify the most parsimonious set of influential taxa, defined as the smallest taxa subset in 5 stepwise MDS analyses at different random starting points whose similarity matrix had the highest Spearman rank correlation (ρ) ≥ 0.95 with the similarity matrix for the complete data set, using the BVSTEP routine in PRIMER-E (Clarke and Warwick, 1998 and Clarke and Warwick, 2001).

Within-habitat relationships between each of ecological indicators (1)–(8) (dependent [Y] variables), transformed, as necessary, to meet parametric assumptions, and matching station values of each of 3 independent (X) environmental variables (X1 = %silt + clay, X2 = %TOC, and, for ecosystem engineering species habitats, X3 = actual [e.g., Zostera %cover] or surrogate [shrimp burrow hole counts] estimates of ecosystem engineer [Zostera, Spartina, Upogebia, Neotrypaea, oyster] density) were explored using simple linear regression (Sokal and Rohlf, 1995). Within-habitat relationships between Bray–Curtis similarity and X1, X2, and X3 were explored by simple linear regression of Bray–Curtis similarity for each j–k station pair on the absolute value of the difference in the environmental variable data for matching j–k station pairs. Regressions were run on 0.02 m2 and 0.01 m2 sample data in 1996 and 1998, respectively, and on all (6) possible combinations of 1996 0.01 m2 sample data. The predictive power of the regressions, that is, the number of statistically significant (α = 0.05) different Y-variable class responses predicted by an X-variable, was calculated by the formula: 1.31/, where r2 is the coefficient of determination (Prairie, 1996). The sign (+/−) of the regression coefficients, number and predictive power of the statistically significant regressions, temporal (1996 versus 1998) consistency of the regression results, and the robustness of the regression results for 1996 0.02 and 0.01 m2 sample data were used to judge, respectively, the direction, generality and strength, and temporal consistency of and the affect of sample unit size on within-habitat relationships between the ecological indicators and the environmental variables.

3. Results

3.1. Field station characteristics

Field samples were collected and fully processed at 38 stations in 1996: 12 in Zostera, 8 in Upogebia, and 9 each in Spartina and Neotrypaea, and at 90 stations in 1998: 15 each in Spartina, oyster, and subtidal, 13 each in Zostera and bare mud/sand, 11 in Upogebia, and 8 in Neotrypaea (Fig. 1). Zostera was the visually dominant ecosystem engineering species at Zostera sampling stations, but Zostera-only habitat was rare so some samples were collected where Zostera co-occurred with low densities (≤5 0.25 m−2 shrimp burrow holes) of Upogebia or Neotrypaea. Zostera, Upogebia, and Neotrypaea were sometimes present at low densities at oyster habitat stations. All other samples were collected in unmixed habitat.

Sediment temperature ranged from 10.5 to 18.5 °C, salinity from 15 to 31, %silt + clay from 1.2 to 98%, %TOC from 0.04 to 2.4%, shrimp burrow hole densities from 10 to 54 0.25 m−2, and number of Zostera and Spartina shoots from 10 to 420 and 31 to 144 0.25 m−2, respectively, in 1996. Sediment temperature ranged from 13.0 to 25.0 °C, salinity from 16 to 40, %silt + clay from 0.8 to 94%, %TOC from 0.03 to 4.7%, shrimp burrow hole densities from 2 to 78 0.25 m−2, %Zostera cover from 15 to 75%, %Spartina cover from 10 to 100%, and %oyster cover from 5 to 60% in 1998. The ranges in %silt + clay, %TOC, and ecosystem engineering species density by habitat and year are presented in Table 1.

Table 1.

Ranges in sediment %silt + clay, %total organic carbon (TOC), and ecosystem engineer density (Zostera and Spartina number shoots 0.25 m−2 in 1996 and %cover in 1998; Upogebia and Neotrypaea number burrow holes 0.25 m−2; oyster %cover) by habitat and year. Blanks indicate no data

	
	Year


	Habitat



	
	
	Zostera
	Spartina
	Upogebia
	Neotrypaea
	Oyster
	Mud/sand
	Subtidal

	%Silt + clay
	1996
	6.0–65
	3.3–98
	4.5–38
	1.2–4.5
	
	
	

	
	1998
	2.1–62
	8.5–94
	7.7–63
	0.76–3.0
	2.2–25
	0.91–62
	0.83–7.6

	

	TOC
	1996
	0.12–1.5
	0.32–2.4
	0.15–1.0
	0.04–0.20
	
	
	

	
	1998
	0.08–1.3
	0.82–4.7
	0.19–2.4
	0.05–3.3
	0.10–1.6
	0.07–1.7
	0.03–0.20

	

	Density
	1996
	10–420
	31–144
	13–54
	14–46
	
	
	

	
	1998
	15–75
	10–100
	2–78
	7–61
	5–60
	
	


3.2. Benthic macrofauna

There were a total of 172 benthic macrofauna taxa and 44,947 individuals, of which 41,261 (92%) were deposit, suspension, or facultative feeders, in our 1996 collections, and a total of 144 benthic macrofauna taxa and 22,702 individuals, of which 20,954 (92%) were deposit, suspension, or facultative feeders, in our 1998 collections. The percent composition and feeding guilds of the 10 most abundant benthic macrofauna taxa by habitat in 1996 and 1998 are presented in Table 2 and Table 3, respectively. The temporal (1996 versus 1998) consistency of the top 10 taxa varied among habitats. Seven top 10 taxa were the same in Zostera (Monocorophium acherusicum, Pseudopolydora paucibranchiata, Leptochelia savignyi, Oligochaeta, Sphaerosyllis californiensis, Tharyx parvus, Cumella vulgaris) and Spartina (Manayunkia aestuarina, Halcampa sp., Oligochaeta, Capitella capitata complex, Streblospio benedicti, Nippoleucon hinumensis, Pseudopolydora kempi), 6 top 10 taxa were the same in Upogebia (M. acherusicum, L. savignyi, Oligochaeta, P. paucibranchiata, T. parvus, C. vulgaris), and 4 top 10 taxa were the same in Neotrypaea (Paraonella platybranchia, Grandifoxus grandis, Mediomastus californiensis, Eohaustorius estuarius). In within-year, between-habitat comparisons, Zostera and oyster in 1998 were most similar with 8 top 10 taxa the same (L. savignyi, M. californiensis, Oligochaeta, T. parvus, M. acherusicum, P. paucibranchiata, S. californiensis, C. vulgaris), and bare mud/sand and subtidal in 1998 were least similar with 2 top 10 taxa the same (T. parvus, M. californiensis).

Table 2.

Rank order, percent abundance (%), and feeding guild (d = deposit feeder, s = suspension feeder, f = facultative feeder, carnivore = c, h = herbivore) of the 10 numerically dominant benthic macrofauna taxa and influential taxa in 4 habitats (Zostera, Spartina, Upogebia, Neotrypaea) in Willapa Bay in 1996

	Zostera


	(Rank) taxa (feeding guild)
	%

	(1) Monocorophium acherusicum (s)a
	17.7

	(2) Pseudopolydora paucibranchiata (f)a
	17.6

	(3) Leptochelia savignyi (d)
	11.3

	(4) Oligochaeta (d)a
	8.7

	(5) Sphaerosyllis californiensis (d)
	6.7

	(6) Caprella californica (s)
	2.9

	(7) Pseudopolydora kempi (f)a
	2.9

	(8) Tharyx parvus (d)
	2.5

	(9) Grandidierella japonica (f)
	2.3

	(10) Cumella vulgaris (d)
	2.0

	(21) Clinocardium spp. (s)a
	0.8

	(25) Ampithoe valida (h)a
	0.4

	(29) Glycinde polygnatha (c)a
	0.4

	(68) Manayunkia aestuarina (f)a
	0.04

	(0) Grandifoxus grandis (d)a
	0

	Spartina


	(Rank) taxa (feeding guild)
	%

	(1) Manayunkia aestuarina (f)a
	41.3

	(2) Halcampa sp. (s)
	7.3

	(3) Oligochaeta (d)a
	7.1

	(4) Capitella capitata complex (d)
	6.9

	(5) Sinelobus stanfordi (d)
	6.0

	(6) Streblospio benedicti (f)
	5.7

	(7) Grandidierella japonica (f)
	5.1

	(8) Nippoleucon hinumensis (d)
	2.4

	(9) Monocorophium insidiosum (s)
	2.0

	(10) Pseudopolydora kempi (f)a
	1.8

	(16) Ampithoe valida (h)a
	0.9

	(18) Monocorophium acherusicum (s)a
	0.8

	(25) Pseudopolydora paucibranchiata (f)a
	0.3

	(47) Clinocardium spp. (s)a
	0.02

	(47) Glycinde polygnatha (c)a
	0.02

	(0) Grandifoxus grandis (d)a
	0

	Upogebia


	(Rank) taxa (feeding guild)
	%

	(1) Monocorophium acherusicum (s)a
	32.4

	(2) Leptochelia savignyi (d)
	12.1

	(3) Oligochaeta (d)a
	8.3

	(4) Caprella drepanochir (s)
	7.9

	(5) Grandidierella japonica (f)
	4.7

	(6) Pseudopolydora paucibranchiata (f)a
	3.2

	(7) Polydora cornuta (f)
	2.9

	(8) Tharyx parvus (d)
	2.6

	(9) Pseudopolydora kempi (f)a
	2.0

	(10) Cumella vulgaris (d)
	2.0

	(11) Clinocardium spp. (s)a
	1.9

	(15) Ampithoe valida (h)a
	1.5

	(23) Glycinde polygnatha (c)a
	0.6

	(57) Grandifoxus grandis (d)a
	0.01

	(0) Manayunkia aestuarina (f)a
	0

	Neotrypaea


	(Rank) taxa (feeding guild)
	%

	(1) Caprella drepanochir (s)
	21.4

	(2) Mytilus spp., juveniles (s)
	11.7

	(3) Paraonella platybranchia (d)
	9.5

	(4) Clinocardium spp. (s)a
	7.0

	(5) Grandifoxus grandis (d)a
	6.5

	(6) Monocorophium acherusicum (s)a
	5.4

	(7) Mediomastus californiensis (d)
	3.4

	(8) Eohaustorius estuarius (f)
	2.5

	(9) Ampithoe valida (h)a
	2.3

	(10) Cryptomya californica (s)
	2.2

	(10) Platynereis bicanaliculata (s)
	2.2

	(11) Pseudopolydora kempi (f)a
	1.3

	(18) Glycinde polygnatha (c)a
	0.9

	(32) Pseudopolydora paucibranchiata (f)a
	0.4

	(52) Manayunkia aestuarina (f)a
	0.1

	(0) Oligochaeta (d)a
	0


a Influential taxa.

Table 3.

Rank order, percent abundance (%), and feeding guild (d = deposit feeder, s = suspension feeder, f = facultative feeder, carnivore = c, herbivore = h, u = unknown) of the 10 numerically dominant benthic macrofauna taxa and influential taxa in 7 habitats (Zostera, Spartina, Upogebia, Neotrypaea, oyster, bare mud/sand, subtidal) in Willapa Bay in 1998

	Zostera


	(Rank) taxa (feeding guild)
	%

	(1) Leptochelia savignyi (d)a
	21.0

	(2) Mediomastus californiensis (d)a
	13.3

	(3) Oligochaeta (d)a
	11.1

	(4) Tharyx parvus (d)a
	10.5

	(5) Monocorophium acherusicum (s)
	8.1

	(6) Pseudopolydora paucibranchiata (f)a
	6.2

	(7) Sphaerosyllis californiensis (d)
	6.1

	(8) Capitella capitata complex (d)
	2.1

	(9) Cumella vulgaris (d)a
	1.9

	(10) Clinocardium spp. (s)
	1.8

	(10) Nephtys cornuta (d)
	1.8

	(16) Nippoleucon hinumensis (d)a
	0.9

	(21) Pseudopolydora kempi (f)a
	0.5

	(45) Scoloplos armiger armiger (d)a
	0.1

	(70) Dendraster excentricus (f)a
	0.02

	(0) Grandifoxus grandis (d)a
	0

	(0) Heteromastus filiformis (d)a
	0

	(0) Manayunkia aestuarina (f)a
	0

	Spartina


	(Rank) taxa (feeding guild)
	%

	(1) Manayunkia aestuarina (f)a
	26.7

	(2) Nippoleucon hinumensis (d)a
	18.1

	(3) Oligochaeta (d)a
	10.0

	(4) Tharyx parvus (d)a
	7.6

	(5) Laternula sp. (u)
	7.0

	(6) Capitella capitata complex (d)
	6.8

	(7) Halcampa sp. (s)
	3.7

	(8) Streblospio benedicti (f)
	2.6

	(9) Heteromastus filiformis (d)a
	2.4

	(10) Pseudopolydora kempi (f)a
	1.7

	(23) Cumella vulgaris (d)a
	0.4

	(35) Pseudopolydora paucibranchiata (f)a
	0.08

	(50) Mediomastus californiensis (d)a
	0.02

	(0) Dendraster excentricus (f)a
	0

	(0) Grandifoxus grandis (d)a
	0

	(0) Leptochelia savignyi (d)a
	0

	(0) Scoloplos armiger armiger (d)a
	0

	Upogebia


	(Rank) taxa (feeding guild)
	%

	(1) Oligochaeta (d)a
	21.7

	(2) Nippoleucon hinumensis (d)a
	14.2

	(3) Tharyx parvus (d)a
	12.6

	(4) Leptochelia savignyi (d)a
	7.0

	(5) Mediomastus californiensis (d)a
	6.2

	(6) Capitella capitata complex (d)
	5.3

	(7) Pseudopolydora paucibranchiata (f)a
	5.1

	(8) Cumella vulgaris (d)a
	3.4

	(9) Nephtys cornuta (d)
	2.4

	(10) Monocorophium acherusicum (s)
	2.3

	(12) Pseudopolydora kempi (f)a
	1.8

	(0) Dendraster excentricus (f)a
	0

	(0) Grandifoxus grandis (d)a
	0

	(0) Heteromastus filiformis (d)a
	0

	(0) Manayunkia aestuarina (f)a
	0

	(0) Mediomastus californiensis (d)a
	0

	(0) Scoloplos armiger armiger (d)a
	0

	Neotrypaea


	(Rank) taxa (feeding guild)
	%

	(1) Mediomastus californiensis (d)a
	25.4

	(2) Grandifoxus grandis (d)a
	11.3

	(3) Cumella vulgaris (d)a
	7.8

	(3) Paraonella platybranchia (d)
	7.8

	(5) Pseudopolydora kempi (f)a
	7.0

	(6) Eohaustorius estuarius (f)
	4.2

	(6) Lamprops quadriplicatus (d)
	4.2

	(6) Rochefortia tumida (f)
	4.2

	(9) Oligochaeta (d)a
	2.8

	(10) Dendraster excentricus (f)a
	2.1

	(10) Hemicyclops sp. (c)
	2.1

	(10) Leptochelia savignyi (d)a
	2.1

	(10) Malacoceros glutaea (d)
	2.1

	(10) Pseudopolydora paucibranchiata (f)a
	2.1

	(20) Nippoleucon hinumensis (d)a
	0.70

	(0) Heteromastus filiformis (d)a
	0

	(0) Manayunkia aestuarina (f)a
	0

	(0) Scoloplos armiger armiger (d)a
	0

	(0) Tharyx parvus (d)a
	0

	Oyster



	(Rank) taxa (feeding guild)
	%

	(1) Leptochelia savignyi (d)a
	20.6

	(2) Oligochaeta (d)a
	17.0

	(3) Sphaerosyllis californiensis (d)
	11.0

	(4) Pseudopolydora paucibranchiata (f)a
	9.3

	(5) Mediomastus californiensis (d)a
	7.3

	(6) Tharyx parvus (d)a
	5.4

	(7) Cumella vulgaris (d)a
	3.7

	(7) Monocorophium acherusicum (s)
	3.7

	(9) Malacoceros (Rhynchospio) glutaea (d)
	2.0

	(10) Exogone dwisula (d)
	1.8

	(16) Nippoleucon hinumensis (d)a
	0.9

	(22) Pseudopolydora kempi (f)a
	0.6

	(53) Heteromastus filiformis (d)a
	0.05

	(0) Dendraster excentricus (f)a
	0

	(0) Grandifoxus grandis (d)a
	0

	(0) Manayunkia aestuarina (f)a
	0

	(0) Scoloplos armiger armiger (d)a
	0

	Bare mud/sand



	(Rank) taxa (feeding guild)
	%

	(1) Nippoleucon hinumensis (d)a
	18.0

	(2) Mediomastus californiensis (d)a
	13.4

	(3) Tharyx parvus (d)a
	9.0

	(4) Pseudopolydora paucibranchiata (f)a
	8.4

	(5) Sinelobus stanfordi (d)
	6.5

	(6) Eohaustorius estuarius (f)
	6.2

	(7) Pseudopolydora kempi (f)a
	5.0

	(8) Clinocardium sp. (s)
	3.5

	(9) Americorophium salmonis (f)
	2.8

	(10) Grandidierella japonica (f)
	2.8

	(11) Heteromastus filiformis (d)a
	2.7

	(14) Cumella vulgaris (d)a
	2.1

	(22) Dendraster excentricus (f)a
	0.5

	(22) Leptochelia savignyi (d)a
	0.5

	(33) Oligochaeta (d)a
	0.2

	(37) Grandifoxus grandis (d)a
	0.2

	(43) Manayunkia aestuarina (f)a
	0.1

	(0) Scoloplos armiger armiger (d)a
	0

	Subtidal



	(Rank) taxa (feeding guild)
	%

	(1) Dendraster excentricus (f)a
	15.2

	(2) Tharyx parvus (d)a
	14.6

	(3) Scoloplos armiger armiger (d)a
	13.2

	(4) Aphelochaeta monilaris (d)
	11.3

	(5) Mediomastus californiensis (d)a
	6.6

	(6) Lamprops quadriplicatus (u)
	4.6

	(6) Oligochaeta (d)a
	4.6

	(8) Magelona hobsonae (d)
	4.0

	(9) Armandia brevis (d)
	2.0

	(9) Grandifoxus grandis (d)a
	2.0

	(9) Heteromastus filiformis (d)a
	2.0

	(9) Nephtys caeca (c)
	2.0

	(9) Siliqua sp., juvenile (s)
	2.0

	(9) Spio butleri (f)
	2.0

	(9) Syllides nr. longocirrata (c)
	2.0

	(10) Leptochelia savignyi (d)a
	0.7

	(0) Cumella vulgaris (d)a
	0

	(0) Manayunkia aestuarina (f)a
	0

	(0) Nippoleucon hinumensis (d)a
	0

	(0) Pseudopolydora kempi (f)a
	0

	(0) Pseudopolydora paucibranchiata (f)a
	0


a Influential taxa.

3.3. Species-accumulation curves, habitat species richness, and unique species

Species-accumulation curves, the total number of species collected, and HSR by habitat are presented for 1996 and 1998 in Fig. 2 and Fig. 3, respectively. All species-accumulation curves were convex, indicating a decreasing encounter rate of new species, but not asymptotic, indicating an incomplete census. Sample sizes were sufficient for jackknife estimates of HSR since HSR was always much less than twice the total number of species collected in each habitat.
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Fig. 2. Benthic macrofauna species-accumulation curves for Willapa Bay by habitat in 1996. The numbers in parentheses are the total number of species collected in the habitat followed by the jackknife estimate of habitat species richness.
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Fig. 3. Benthic macrofauna species-accumulation curves for Willapa Bay by habitat in 1998. The numbers in parentheses are the total number of species collected in the habitat followed by the jackknife estimate of habitat species richness.

Most benthic macrofaunal species were collected in multiple habitats; however, 2 dominants, a fanworm, Manayunkia aestuarina, in Spartina and a sand dollar, Dendraster excentricus, in subtidal, were rare or absent in all other habitats (Table 2 and Table 3). Twenty-one species (7 in Spartina, 6 in Zostera, 5 in oyster, 2 in Upogebia, 1 in Neotrypaea) were collected in just 1 habitat (Table 4). But since species were not fully censused, these 21 species may not all be endemic to the habitat in which they were collected, as they may be present but rare in other habitats in Willapa Bay, and there could be some rare species endemic to a habitat missing from our collections. At least 16 of the 21 species in Table 4 are not endemic to the habitat in which they were collected on a regional scale as they have been collected in other habitats in PNW estuaries (Simenstad et al., 2001; Ferraro and Cole, unpublished data) (Table 4).

Table 4.

Benthic macrofaunal species that were collected in one and only one habitat and their percent composition of the total benthic macrofaunal abundance in 1996 and 1998. No unique species were collected in bare mud/sand or subtidal habitat

	Zostera
	Spartina

	Species
	%
	Species
	%

	Pontogeneia rostrata
	0.17
	Americorophium spinicorne
	1.07

	Melanochlamys diomedeaa
	0.03
	Allorchestes angusta groupa
	0.31

	Platyodon cancellatusa
	0.03
	Gnorimosphaeroma insularea
	0.27

	Prionospio lightia
	0.02
	Hyale plumulosa
	0.05

	Crangon cf. nigricaudaa
	0.01
	Gnorimosphaeroma oregonensisa
	0.05

	Siliqua lucida

	0.01


	Corophium cf. uenoi
	0.03

	
	
	Hemigrapsus oregonensisa

	0.02



	

	Upogebia
	Neotrypaea

	Species


	%


	Species Neotrypaea californiensisa

	% 0.17



	Aphelochaeta glandariaa
	0.05
	
	

	Hemicyclops subadhaerensa

	0.02


	
	

	

	Oyster


	
	

	Species


	%


	
	

	Macoma inquinataa
	0.21
	
	

	Balanus crenatusa
	0.11
	
	

	Barantolla nr americanaa
	0.08
	
	

	Uromunna ubiquitaa
	0.06
	
	

	Syllides japonica
	0.03
	
	


a Species collected in other habitats in Pacific Northwest estuaries, including Tillamook Bay and Yaquina Bay, Oregon, and Willapa Bay and Grays Harbor, Washington (Simenstad et al., 2001; Ferraro and Cole, unpublished data).

3.4. Ecological indicator means and ANOVA results

The forms of ecological indicator (1)–(8) (Section 2.2) data that best (highest percent passing tests for N and HOV) met the assumptions of N (99% in 1996 and 91% in 1998) and HOV (100% in 1996 and 1998) were S, log10(A + 1), , log10(AD + 1), log10(AS + 1), log10(AF + 1), SI, and H. All statistical analyses were performed on these forms of the data. Mean values reported in this paper are arithmetic means for S, SI, and H and back-transformed means for A, AD, AS, AF, and B (Sokal and Rohlf, 1995).

Means for ecological indicators (1)–(8), jackknife statistics for indicator (9), relative means or jackknife statistics presented as Zostera-normalized values, and results of one-way ANOVA and Šidák t-tests or Tukey–Kramer tests are presented for 1996 and 1998 data in Table 5 and Table 6, respectively. Mean S varied among habitats within years by as much as 6.5×, mean A and B by as much as 50×, mean AD by as much as 70×, mean AS by as much as 100×, mean AF by as much as 30×, and mean SI and H and jackknife HSR by as much as 2–3×. Only mean SI in 1996 did not differ significantly across all habitats. Zostera and oyster in 1998 and Neotrypaea and subtidal in 1998 were the only habitat pairs that were not significantly different on all 9 indicators. In general, habitat rank order on ecological indicator values associated with a more productive and diverse benthic macrofaunal community (high mean S, A, B, SI, H, and jackknife HSR) was Zostera ≥ Spartina ≥ Upogebia ≥ Neotrypaea in 1996, and Zostera = oyster ≥ Spartina ≥ Upogebia ≥ bare mud/sand ≥ Neotrypaea = subtidal in 1998.

Table 5.

Mean number of benthic macrofaunal species, abundance, biomass, deposit feeders, suspension feeders, facultative feeders, Swartz's index, and Brillouin's index (followed by abbreviations used in text) per 0.01 m2 × 5 cm deep sample and jackknife estimates of habitat species richness (rows) in 4 habitats (columns) in Willapa Bay in 1996. In parentheses, indicator means or jackknife statistics normalized to that for Zostera habitat. Different superscript letters indicate significantly different habitat means or jackknife statistics

	
	Habitat



	
	Zostera
	Spartina
	Upogebia
	Neotrypaea

	Number of species (S)
	38(1)a
	25(0.66)b
	28(0.74)b
	13(0.34)c

	Abundance (A)
	701(1)a
	868(1.2)a
	394(0.56)a
	35(0.05)b

	Biomass (B)
	0.85(1)a
	0.63(0.74)a
	0.55(0.65)a
	0.13(0.15)b

	Deposit feeder abundance (AD)
	265(1)a
	203(0.77)ab
	90(0.34)b
	9.3(0.04)c

	Suspension feeder abundance (AS)
	122(1)a
	49(0.40)a
	114(0.93)a
	5.2(0.04)b

	Facultative feeder abundance (AF)
	162(1)a
	444(2.7)a
	48(0.30)b
	2.6(0.02)c

	Swartz's index (SI)
	5.7(1)a
	4.2(0.74)a
	5.1(0.89)a
	4.8(0.84)a

	Brillouin's index (H)
	0.99(1)a
	0.82(0.83)ab
	0.88(0.89)ab
	0.65(0.66)b

	Habitat species richness (HSR)
	152(1)a
	121(0.80)b
	100(0.66)c
	97(0.64)c


Table 6.

Mean number of benthic macrofaunal species, abundance, biomass, deposit feeders, suspension feeders, facultative feeders, Swartz's index, Brillouin's index (followed by abbreviations used in text) per 0.01 m2 × 5 cm deep sample and jackknife estimates of habitat species richness (rows) in 7 habitats (columns) in Willapa Bay in 1998. In parentheses, means or jackknife statistics normalized to the Zostera mean or jackknife value. Different superscript letters indicate significantly different habitat means or jackknife statistics

	
	Habitat



	
	Zostera
	Spartina
	Upogebia
	Neotrypaea
	Oyster
	Mud/sand
	Subtidal

	Number of species (S)
	26(1)a
	20(0.77)ab
	19(0.73)b
	7(0.27)cd
	26(1.00)a
	14(0.54)bc
	4(0.15)d

	Abundance (A)
	308(1)a
	374(1.2)a
	159(0.52)ab
	12(0.04)c
	336(1.09)a
	86(0.28)b
	7(0.02)c

	Biomass (B)
	0.50(1)a
	0.57(1.14)a
	0.32(0.64)ab
	0.02(0.04)c
	0.48(0.96)ab
	0.22(0.44)b
	0.01(0.02)c

	Deposit feeder abundance (AD)
	186(1)a
	180(0.97)a
	120(0.65)ab
	7.4(0.04)c
	237(1.27)a
	39(0.21)b
	3.4(0.02)c

	Suspension feeder abundance (AS)
	33(1)a
	8(0.24)bc
	6(0.18)bc
	0.51(0.02)d
	18(0.55)ab
	3.2(0.10)cd
	0.33(0.01)d

	Facultative feeder abundance (AF)
	25(1)b
	87(3.48)a
	20(0.80)b
	2.3(0.09)c
	28(1.12)ab
	20(0.80)b
	0.88(0.04)c

	Swartz's index (SI)
	5.1(1)a
	3.8(0.75)ab
	4.7(0.92)ab
	3.2(0.63)ab
	4.8(0.94)a
	3.7(0.73)ab
	2.5(0.49)b

	Brillouin's index (H)
	0.90(1)a
	0.78(0.87)ab
	0.86(0.96)ab
	0.50(0.56)cd
	0.86(0.96)ab
	0.67(0.74)bc
	0.35(0.39)d

	Habitat species richness (HSR)
	116(1)a
	60(0.52)c
	72(0.62)b
	43(0.37)d
	115(0.99)a
	78(0.67)b
	41(0.35)d


In two-way ANOVA there were significant habitat effects on mean S, A, B, AD, AS, AF, and H, significant year effects on mean S, A, B, AS, and AF, and a significant habitat × year effect on mean AF (Table 7). For the 4 habitats sampled in both 1996 and 1998, mean AD was about the same in both years but mean A was 2.5×, mean AS was 10×, and mean AF was 4× greater in 1996 than 1998. The sequitur of the habitat × year effect results is that relative (Zostera-normalized) values of mean S, A, B, AD, AS, SI, and H (but not AF) for the 4 habitats in 1996 (Table 5) are not significantly different than those for the same 4 habitats in 1998 (Table 6).

Table 7.

Probability levels of main factors habitat (Zostera, Spartina, Upogebia, Neotrypaea) and year (1996, 1998) and the interaction term (habitat × year) in two-way ANOVAs on number of benthic macrofaunal species, abundance, biomass, abundance of deposit, suspension, and facultative feeders, and Swartz's and Brillouin's indices (followed by abbreviations used in text) in 0.01 m2 × 5 cm deep samples

	
	Habitat
	Year
	Habitat × year

	Number of species (S)
	<0.001
	<0.001
	0.258

	Abundance (A)
	<0.001
	<0.001
	0.927

	Biomass (B)
	<0.001
	0.002
	0.399

	Deposit feeder abundance (AD)
	<0.001
	0.563
	0.628

	Suspension feeder abundance (AS)
	<0.001
	<0.001
	0.254

	Facultative feeder abundance (AF)
	<0.001
	<0.001
	0.003

	Swartz's index (SI)
	0.066
	0.134
	0.727

	Brillouin's index (H)
	<0.001
	0.071
	0.713


3.5. Proportional abundances of feeding guilds

Proportions of deposit, suspension, and facultative feeders by habitat and results of multiple comparisons tests of the proportions across habitats are reported for 1996 and 1998 in Table 8 and Table 9, respectively. Deposit feeders were dominant in Zostera, facultative feeders were dominant in Spartina, and suspension feeders were dominant in Upogebia and Neotrypaea in 1996, whereas deposit feeders were dominant in all 7 habitats in 1998. The benthic macrofauna taxa primarily responsible for the changes in the proportional abundance of feeding guilds between 1996 and 1998 and for deposit feeder dominance in 1998 varied among habitats (Table 2 and Table 3). Deposit feeder dominance increased between 1996 and 1998 in Zostera primarily due to proportional increases in Leptochelia savignyi, Mediomastus californiensis, Oligochaeta, and Tharyx parvus. The shift from facultative to deposit feeder dominance between 1996 and 1998 in Spartina was primarily due to a decrease in the proportion of Manayunkia aestuarina and proportional increases in Nippoleucon hinumensis and T. parvus. The shift from suspension to deposit feeder dominance between 1996 and 1998 in Upogebia was primarily due to a proportional decrease in Monocorophium acherusicum and proportional increases in Oligochaeta, N. hinumensis, and T. parvus, whereas in Neotrypaea it was primarily due to proportional decreases in Caprella drepanochir and Mytilus spp. and proportional increases in M. californiensis and Cumella vulgaris. The taxa most responsible for deposit feeder dominance in 1998 were, in oyster: L. savignyi, Oligochaeta, and Sphaerosyllis californiensis; in bare mud/sand: N. hinumensis, M. californiensis, and T. parvus; and in subtidal: T. parvus, Scoloplos armiger armiger, and Aphelochaeta monilaris (Table 3).

Table 8.

Proportion (%total abundance) of deposit, suspension, and facultative feeders (rows) in 4 habitats (columns) in Willapa Bay in 1996. Proportions in rows with the same superscript letter are not significantly (p > 0.05) different

	
	Habitat



	
	Zostera
	Spartina
	Upogebia
	Neotrypaea

	Deposit feeders
	46a
	27d
	34b
	32c

	Suspension feeders
	28c
	11d
	51b
	60a

	Facultative feeders
	26b
	62a
	15c
	8d


Table 9.

Proportion (%total abundance) of deposit, suspension, and facultative feeders (rows) in 7 habitats (columns) in Willapa Bay in 1998. Proportions in rows with the same superscript letter are not significantly (p > 0.05) different

	
	Habitat



	
	Zostera
	Spartina
	Upogebia
	Neotrypaea
	Oyster
	Mud/sand
	Subtidal

	Deposit feeders
	79b
	54e
	80a
	72c
	81a
	59d
	76a,b,c

	Suspension feeders
	13a
	5d
	6d
	4c,d
	7c
	9b
	5c,d

	Facultative feeders
	8f
	41a
	14d
	24c
	12e
	32b
	19c


3.6. MDS results

The MDS plots of Bray–Curtis similarity in 1996, in 1998 for the 4 habitats sampled in 1996, and for all 7 habitats sampled in 1998 are presented in Figs. 4 and 5a and b, respectively. Bray–Curtis similarity was significantly different (ANOSIM, p < 0.05) among all habitats in 1996 and among all habitats except Zostera and oyster in 1998.
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Fig. 4. Non-metric multidimensional scaling plot of Bray–Curtis similarity for 0.02 m2 × 5-cm deep benthic macrofauna data collected from 4 habitats (Z = Zostera, S = Spartina, U = Upogebia, N = Neotrypaea) in Willapa Bay in 1996.
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Fig. 5. Non-metric multidimensional scaling plots of Bray–Curtis similarity for 0.01 m2 × 5-cm deep benthic macrofauna data collected from (a) 4 habitats (Z = Zostera, S = Spartina, U = Upogebia, N = Neotrypaea) and (b) 7 habitats (Z = Zostera, S = Spartina, U = Upogebia, N = Neotrypaea, G = oyster, M = bare mud/sand, C = subtidal) in Willapa Bay in 1998.

The most parsimonious explanation for the ANOSIM results is the abundance and distribution among habitats of the most influential benthic macrofauna taxa (Table 2 and Table 3). The most influential taxa in distinguishing among Zostera, Spartina, Upogebia, and Neotrypaea in 1996 were Monocorophium acherusicum, Pseudopolydora paucibranchiata, Oligochaeta, Manayunkia aestuarina, Pseudopolydora kempi, Grandifoxus grandis, Clinocardium spp., Ampithoe valida, and Glycinde polygnatha. For the same 4 habitats in 1998, there were 4 taxa from the 1996 most influential taxa list (M. acherusicum, P. paucibranchiata, Oligochaeta, M. aestuarina) and 7 other taxa (Nippoleucon hinumensis, Tharyx parvus, Mediomastus californiensis, Capitella capitata complex, Heteromastus filiformis, Americorophium salmonis, Paraonella platybranchia). The taxa most influential in distinguishing benthic macrofaunal assemblages in all 7 habitats in 1998 were Oligochaeta, M. aestuarina, P. kempi, G. grandis, P. paucibranchiata, N. hinumensis, T. parvus, M. californiensis, H. filiformis, and 4 taxa (Leptochelia savignyi, Cumella vulgaris, Dendraster excentricus, and Scoloplos armiger armiger) that were not most influential in 1996. The additions of L. savignyi, D. excentricus, and S. armiger armiger to the 1998 list of influential taxa are coincident with L. savignyi's elevation to dominance in Zostera and oyster, and D. excentricus's dominance and S. armiger armiger's high proportional abundance in subtidal habitat in 1998.

3.7. Within-habitat relationships between ecological indicators and environmental variables

Fourteen percent (13 of 96) of the simple linear regressions of 8 ecological indicators (S, log10[A + 1], , log10[AD + 1], log10[AS + 1], log10[AF + 1], SI, H) on 3 environmental variables (%silt + clay, %TOC, ecosystem engineering species density) by habitat (Zostera, Spartina, Upogebia, Neotrypaea) in 1996 with 4-core (0.02 m2) data were statistically significant (Table 10). The range of the r2 values of the significant regressions was 0.34–0.82, which translates to predictive powers (number of statistically significant Y-variable class responses predicable by the X-variable) of 1.6–3.1. When the same regression analyses were run on all 6 possible combinations of the 2-core (0.01 m2) sample data, the signs of the regression coefficients were the same as and r2 values were similar to those with the 0.02 m2 data, indicating 0.02 and 0.01 m2 sample units were similarly effective in determining within-habitat relationships between the ecological indicators and the environmental variables.

Table 10.

Signs (+/−) of the regression coefficients and coefficients of determination (r2) of statistically significant (p < 0.05) simple linear regressions of benthic macrofauna number of species (S), log10(abundance + 1) (A), square root (biomass) (B), log10(abundance of deposit feeders + 1) (AD), log10(abundance of suspension feeders + 1) (AS), log10(abundance of facultative feeders + 1) (AF), Swartz's index (SI), and Brillouin's index (H) on sediment %silt + clay, sediment %total organic carbon (TOC), and ecosystem engineer (Zostera, Spartina, Upogebia, Neotrypaea, oyster) density, and signs (+/−) of the regression coefficients and r2s of statistically significant (p < 0.05) simple linear regressions of benthic macrofaunal Bray–Curtis similarity on sediment %silt + clay, TOC, and ecosystem engineer density dissimilarity in 4 habitats (Zostera, Spartina, Upogebia, Neotrypaea) in 1996 and 7 habitats (Zostera, Spartina, Upogebia, Neotrypaea, oyster, bare mud/sand, subtidal) in 1998

	Habitat
	Year
	S
	A
	B
	AD
	AS
	AF
	SI
	H
	Bray–Curtis

	Zostera

	 %Silt + clay
	1996
	
	
	
	+, 0.49
	
	
	
	
	−, 0.13

	
	1998
	
	
	
	
	
	
	
	
	

	 TOC
	1996
	−, 0.34
	
	
	+, 0.35
	
	
	
	
	−, 0.12

	
	1998
	
	
	
	
	
	
	
	
	−, 0.07

	 Density
	1996
	
	
	
	
	
	
	
	
	

	
	1998
	
	
	
	
	
	
	
	
	

	

	Spartina

	 %Silt + clay
	1996
	
	
	
	
	
	
	
	
	

	
	1998
	
	
	
	
	
	
	
	
	

	 TOC
	1996
	−, 0.61
	
	
	
	
	
	
	
	

	
	1998
	
	
	
	
	
	
	
	−, 0.29
	−, 0.12

	 Density
	1996
	
	
	
	
	+, 0.50
	−, 0.63
	+, 0.47
	+, 0.54
	

	
	1998
	
	
	
	
	
	
	
	
	

	

	Upogebia

	 %Silt + clay
	1996
	
	
	
	
	
	
	
	
	

	
	1998
	
	
	
	
	
	
	
	
	−, 0.15

	 TOC
	1996
	
	
	
	
	
	
	
	
	

	
	1998
	
	
	
	
	
	+, 0.37
	
	
	−, 0.17

	 Density
	1996
	
	
	
	
	
	
	+, 0.57
	
	

	
	1998
	
	
	
	
	
	−, 0.68
	
	
	

	

	Neotrypaea

	 %Silt + clay
	1996
	
	
	
	
	
	+, 0.51
	
	
	

	
	1998
	+, 0.59
	+, 0.52
	
	+, 0.57
	
	
	
	
	

	 TOC
	1996
	+, 0.82
	
	
	
	
	+, 0.51
	
	+, 0.52
	

	
	1998
	
	
	
	
	
	
	+, 0.57
	
	

	 Density
	1996
	
	
	
	
	
	
	
	
	

	
	1998
	
	
	
	
	
	
	+, 0.55
	+, 0.55
	

	

	Oyster

	 %Silt + clay
	1998
	
	
	
	
	
	
	
	
	

	 TOC
	1998
	
	
	
	
	
	+, 0.30
	
	
	−, 0.14

	 Density
	1998
	
	
	
	
	
	
	
	
	

	

	Mud/sand

	 %Silt + clay
	1998
	
	
	
	
	
	
	
	
	

	 TOC
	1998
	
	
	
	
	
	
	
	
	

	

	Subtidal

	 %Silt + clay
	1998
	
	
	
	
	
	
	
	
	

	 TOC
	1998
	
	
	
	
	
	
	
	
	


Seven percent (10 of 152) of the simple linear regressions of 8 ecological indicators (S, log10[A + 1], √B, log10[AD + 1], log10[AS + 1], log10[AF + 1], SI, H) on 3 environmental variables (%silt + clay, %TOC, ecosystem engineering species density) in 5 habitats (Zostera, Spartina, Upogebia, Neotrypaea, oyster) and on 2 environmental variables (%silt + clay, %TOC) in 2 habitats (bare mud/sand, subtidal) in 1998 were statistically significant (Table 10). The range of the r2 values of the significant regressions was 0.29–0.68, which translates to predictive powers of 1.6–2.3. None of the regressions of the 8 ecological indicators on the 3 environmental variables for any of the 4 habitats sampled in 1996 and 1998 were statistically significant in both years.

Seventeen percent (2 of 12) of the simple linear regressions of Bray–Curtis similarity on 3 measures of environmental dissimilarity (|Δ%silt + clay|, |Δ%TOC|, |Δecosystem engineering species density|) in 4 habitats (Zostera, Spartina, Upogebia, Neotrypaea) in 1996, and 26% (5 of 19) of the simple linear regressions of Bray–Curtis similarity on 2 or 3 of the same measures of environmental dissimilarity in 7 habitats (Zostera, Spartina, Upogebia, Neotrypaea, oyster, mud/sand, subtidal) in 1998 were statistically significant (Table 10). All significant regression coefficients were negative, which is consistent with the ecological expectation of an inverse relationship between biotic similarity and environmental dissimilarity. The range of the r2 values of the significant regressions (example in Fig. 6) was 0.07–0.17, which translates to a maximum predictive power of only 1.4. There were at best poor predictive relationships between the abundance of individual taxa and %silt + clay, %TOC, and ecosystem engineering species density in all the habitats (example in Fig. 7).

	
	Full-size image (5K)


Fig. 6. Bray–Curtis benthic macrofaunal similarity as a function of |Δsediment %total organic carbon| in Zostera habitat in 1996.

	
	Full-size image (8K)


Fig. 7. Abundance of 3 benthic macrofauna taxa (Oligochaeta, Nippoleucon hinumensis, Platynereis bicanaliculata) that were among the most highly correlated with sediment %total organic carbon in Zostera habitat in 1996.

4. Discussion

4.1. Comparisons with previous studies

Previous studies of benthic macrofauna–habitat associations in PNW estuaries include a field experiment on the effects of Upogebia (Posey et al., 1991), field observational studies at one or a few locations within estuaries usually selected by the investigator as representative of a particular habitat state, for example, dominant or high-density Zostera, Upogebia, Neotrypaea, or oyster (Brenchley, 1978, Bird, 1982, Dumbauld, 1994, Brooks, 1995, Trianni, 1996, Dumbauld et al., 2001, Hosack, 2003 and Rumrill and Poulton, 2004), and paired-site comparisons within and nearby outside Neotrypaea (Posey, 1986) and Spartina (Zipperer, 1996). The sampling frames of these studies were spatially smaller (stations or small areas within an estuary) and, as far as we can determine, environmentally less variable than ours. Consequently, our study extends to the estuary-wide scale and over a wider range of environmental conditions previously reported associations between the benthic macrofauna and Zostera, Spartina, Upogebia, Neotrypaea, oyster, bare mud/sand, and subtidal habitats in a PNW estuary.

Benthic macrofaunal communities in Zostera and oyster did not differ on any of the ecological indicators evaluated in this study. Our sampling protocol has suitably high statistical power to detect small differences in mean benthic macrofaunal S, A, and B (Ferraro and Cole, 2004). That Bray–Curtis similarity was indistinguishable in Zostera and oyster was not due to Zostera's presence at some of our oyster stations, since there was no significant difference (ANOSIM, p > 0.05) in Bray–Curtis similarity between the 12 oyster stations with 0% Zostera cover and the 3 oyster stations with low (≤20%) Zostera cover, nor high variability, since the variability in Bray–Curtis similarity in Zostera and oyster was less than that in most other habitats. Such highly similar benthic macrofaunal communities in Zostera and oyster have not been previously reported. Our study did not include and our results may not apply to epiphytic, epizoic, or deeper-dwelling (>5 cm) benthic macrofauna.

One reason why other investigators found less benthic macrofaunal similarity in Zostera and oyster may be because their collections were made in mixed ecosystem engineering species habitats. Brooks (1995) reported higher benthic macrofaunal species richness and abundance in oyster compared to 4 other sites in Willapa Bay, including 1 in eelgrass, but Zostera marina, Zostera japonica, and “a significant [unidentified] burrowing shrimp population” were present at his eelgrass site. Hosack (2003) reported habitat rank order by mean benthic macrofaunal density at 3 locations in Willapa Bay was Zostera > oyster > mud, with Zostera significantly different than mud and no significant difference between either oyster and Zostera or oyster and mud. However, the ranges of mean (unidentified) shrimp burrow hole densities at his Zostera and mud locations were 5.7–31.8 0.25 m−2 and 6.8–38.8 0.25 m−2, respectively, indicating fairly high densities of Upogebia and/or Neotrypaea were present at both his eelgrass and mud sites. Hosack (2003) also noted that oyster harvesting at one of his oyster sites may have affected his results.

Areas with mixed ecosystem engineering species are common in Willapa Bay and other PNW estuaries. Zipperer's (1996) outside Spartina samples, in her comparison of benthic macrofaunal communities in and nearby outside Spartina in Willapa Bay, were collected at locations where Zostera marina and Zostera japonica were present in proportions that varied over time, although she “attempted to maintain a consistent degree of Z. japonica presence.” Upogebia tend to live in muddier sediment than Neotrypaea (Hornig et al., 1989), but their ranges overlap and they are often found living together. Bird (1982) classified his Upogebia and Neotrypaea sampling sites in 7 PNW estuaries based on which burrowing shrimp was numerically more abundant. Even though we rejected many stations in this study because they fell in mixed ecosystem engineering species habitat, we could not totally avoid sampling at sites where some other ecosystem engineering species co-occurred in low densities with oyster and Zostera. The problem with sampling mixed habitats is in the interpretation of the results. Ecosystem engineering species with strong effects on the benthic macrofaunal community are also likely to have strong but not necessarily predictable effects in combination. How the number, type, density, and proportion of ecosystem engineering species affect the benthic macrofauna is a challenging and open area of research that is probably best approached experimentally. To determine benthic macrofauna–habitat associations for mixed ecosystem engineering species habitats in the manner described in this study requires maps of their distributions, which do not exist for Willapa Bay, nor, to our knowledge, any other PNW estuary.

In comparisons of benthic macrofaunal communities in Zostera and oyster in Arcata Bay, California, Trianni (1996) reported B and Sorensen's index of similarity were not significantly different but A and Shannon diversity were higher in Zostera than oyster, and Rumrill and Poulton (2004) reported significantly different Bray–Curtis similarity (ANOSIM; p < 0.05), but that “the differences we observed were largely the result of varying numbers of individuals within similar community assemblages.” The differences between our results for Zostera and oyster and those of Trianni (1996) and Rumrill and Poulton (2004) could be due to differences in location, sampling methods, or sampling scale (discussed above).

A variety of regulating factors probably mediate the effects of ecosystem engineering species on the benthic macrofauna (Brenchley, 1978, Angradi et al., 2001, Posey et al., 1991 and Posey et al., 2003). According to Boström and Bonsdorff (1997), the factors that regulate benthic macrofaunal communities in Zostera compared to unvegetated habitat include increased habitat complexity, food availability, shelter, substrate stability, and sediment TOC, and decreased predation, competition, water flow velocity, and sediment grain size. The similar benthic macrofaunal communities, almost identical ranges in sediment TOC, and overlapping ranges in sediment %silt + clay in Zostera and oyster in this study, suggest that some of the same regulating factors may be acting to provide a similarly hospitable environment for many of the same benthic macrofaunal species in Zostera and oyster habitat in Willapa Bay.

4.2. Benthic macrofauna–habitat associations

For the 4 habitats sampled in 1996 (Zostera, Spartina, Upogebia, Neotrypaea) there were 2 or 3 significantly different habitat groups in terms of mean S, A, B, AD, AS, AF, H, and jackknife HSR, and for the 7 habitats sampled in 1998 (Zostera, Spartina, Upogebia, Neotrypaea, oyster, mud/sand, subtidal) there were 3 or 4 significantly different groups. The significant differences were often large (2–100×), and, in our opinion, ecologically important in the context of passed and potential future habitat changes in PNW estuaries (see Section 4.4). Overall, the habitats we investigated fell into 3 groups characterized by high (Zostera, oyster, Spartina), intermediate (Upogebia, bare mud/sand), and low (Neotrypaea, subtidal) benthic macrofaunal community structure and diversity. Neotrypaea and subtidal had similarly depauperate benthic macrofaunal communities with different species composition. As in this study, Brenchley, 1978 and Bird, 1982, and Dumbauld (1994) found different benthic macrofaunal species composition in Neotrypaea and Upogebia and lower species richness and abundance in Neotrypaea than Upogebia.

Estuarine benthic macrofauna populations and communities are often temporally variable due to seasonal and longer-term climatic factors (Boesch, 1976, Holland, 1985, Jones, 1987 and Currie and Small, 2005). A climate shift coincident with our sampling in Willapa Bay was from a moderate La Niña (“cold water”) event in 1996 to a strong El Niño (“warm water”) event in 1998 (NOAA, 2006). During El Niño, winds that drive PNW coastal upwelling, that, in turn, bring cold, nutrient-rich bottom waters to the surface, are relaxed, thereby reducing the tidal flux of oceanic nutrients and phytoplankton into Willapa Bay and other coastal estuaries with large tidal forcing (Hickey and Banas, 2003). Higher oceanic plankton food supply to Willapa Bay in 1996 than 1998 is a plausible explanation for the much (10×) greater abundance of suspension feeders in Willapa Bay in 1996 than 1998, and why, contrary to the trophic group amensalism hypothesis that high densities of deposit feeders or large bioturbators such as Upogebia and Neotrypaea can limit or exclude suspension feeders (Rhoads and Young, 1970 and Posey, 1990), suspension feeders were dominant in Upogebia and Neotrypaea in 1996. Swartzman and Hickey, 2003 and Ruhl and Smith, 2004, and Currie and Small (2005) similarly report a likely link between food supply during El Niño/La Niña transitions and changes in the abundance of pelagic, epibenthic, and benthic macrofauna, respectively. Other factors, such as water temperature and benthic macrofaunal recruitment, could also have affected the species composition and abundance of benthic macrofauna in Willapa Bay in 1996 and 1998.

If, as we suspect, the benthic macrofaunal changes in Willapa Bay between 1996 and 1998 were largely due to a La Niña to El Niño transition, then they reflect the extent to which natural climate conditions can affect the benthic macrofauna in a PNW estuary. Despite the large temporal benthic macrofaunal variability and whatever its ultimate or proximate cause(s), the 4 habitats we sampled in both 1996 and 1998 retained many of the same dominant taxa and remarkably consistent proportional differences in benthic macrofaunal community structure and diversity. Estuaries are open systems subject to varying climatic conditions that affect the resident biota. Consequently, estuarine biota–habitat associations will generally only be temporally robust in relative terms. The more temporally robust the relative habitat differences, the better the habitats are for classifying areas in an ecologically relevant way.

4.3. Habitat classification

Since sediment %silt + clay, %TOC, and ecosystem engineer density were generally poor and temporally inconsistent predictors of S, A, B, AD, AS, AF, SI, H, and Bray–Curtis similarity within our habitats, we conclude that for most practical purposes division of our habitats into subclasses within the range of the environmental variables measured in this study is not warranted. Posey (1986) also found no statistically significant relationship between Neotrypaea density and S. Only 2 of Zipperer's (1996) 12 mudflat (mixed Zostera marina–Zostera japonica habitat) regressions of S, A, and abundance of 10 individual dominant taxa on mean sediment grain size were statistically significant, and only 5 of her 24 Spartina habitat regressions of S, A, and abundance of 10 individual dominant taxa on mean sediment grain size and Spartina shoot density were significant. Rumrill and Poulton (2004) found no significant relationship between Zostera %cover and S, B, and Margalef's species richness, and significant but weak (R2 ≤ 0.05) relationships with A, Pielou's species evenness, and Shannon–Wiener diversity.

Sediment %silt + clay and %TOC covaried with our habitat classes (Ferraro and Cole, 2004). Consequently, much of their effect on the benthic macrofauna was subsumed into the habitat effect. Any within-habitat effect sediment %silt + clay, %TOC and ecosystem engineer density may have on the benthic macrofauna could be obscured by other factors (Gray, 1974 and Snelgrove and Butman, 1994), and if their range is small, as it was in some of our habitats, their effects, if any, are likely to be small and difficult to detect.

Since benthic macrofaunal communities in bare mud/sand differ from those in the ecosystem engineering species habitats, there must be a low-density at which the ecosystem engineering species will have a negligible effect on the benthic macrofauna, but it has yet to be determined. Webster et al. (1998), in a field study conducted in a Zostera bed in the United Kingdom, found no significant differences in benthic macrofaunal mean S or mean A in low (0–50 shoots m−2), medium (50–100 shoots m−2), and high (100–150 shoots m−2) density Zostera. Shannon–Weiner diversity and Bray–Curtis similarity, however, were significantly different in the low-density compared to the medium- and high-density Zostera indicating some changes in species composition at low Zostera densities.

4.4. Habitat changes in Willapa Bay

Recent historic changes of benthic habitats in Willapa Bay have been primarily due to the introduction and spread of Spartina and diking of tidal wetlands (Sayce, 1988 and Borde et al., 2003). Spartina was introduced into Willapa Bay in the late 19th century with shipments of oysters from the East Coast, and has been expanding in area exponentially since the mid-20th century (Sayce, 1988 and Feist and Simenstad, 2000). Due to concerns about its negative effects on native species and waterfowl, shellfish, and fish habitat (Mumford et al., 1991 and Simenstad and Thom, 1995), Washington State declared Spartina a noxious weed and initiated a control and eradication program (Hedge et al., 2003) that may or may not succeed in stopping or reversing Spartina's spread. Upogebia population densities in Willapa Bay and other PNW estuaries currently appear to be declining possibly due to an infestation of an alien parasitic isopod, Orthione griffenis, which disrupts Upogebia's reproduction (Chapman and Dumbauld, personal communication). Changes in estuarine habitats are inevitable. And since the kind, distribution, and abundance of estuarine organisms largely depend upon the habitats present (Simenstad et al., 2000), knowing the effects of habitat change is important in the context of environmental decision-making (National Research Council, 1994).

4.5. Some applications of benthic macrofauna–habitat associations

Species abundance lists by habitat (complete benthic macrofauna species abundance by habitat lists for Willapa Bay are available from the authors upon request) provide the information needed to generate index habitat suitability models (U.S. Fish and Wildlife Service, 1980 and Kapustka, 2003), identify critical habitats, and assess a species risk of local extinction due to habitat loss. Benthic macrofauna–habitat models can also be used to help prioritize habitats for environmental protection, estimate ecological resource gains and losses associated with habitat alterations (Ferraro and Cole, 2004), and determine appropriate remediation measures in habitat equivalency and compensatory restoration analyses (Fonseca et al., 2002 and Kirsch et al., 2005).

Relative Risk Models (RRM) (Obery and Landis, 2002 and Landis et al., 2004) calculate relative environmental risk within a region by dividing the region into sub-areas and summing the products of stressor value criteria (0 for no impact, 2 for low impact, 4 for medium impact, 6 for high impact) and habitat value criteria (0 for no habitat, 2 for low value habitat, 4 for medium value habitat, 6 for high value habitat) assigned to each sub-area. We suggest, as a refinement to RRM, replacing the subjective meristic habitat value criteria currently used, when possible, with empirical relative habitat values for the ecological indicators of interest.

4.6. Conclusions and future research

In Willapa Bay, despite considerable climatic and environmental variability, there were estuary-wide, ecologically important, temporally robust benthic macrofauna–habitat (Zostera, Spartina, Upogebia, Neotrypaea) associations in 1996 and 1998, and estuary-wide, ecologically important benthic macrofauna–habitat (oyster, bare mud/sand, subtidal) associations in 1998. Results from ongoing research in 3 other PNW estuaries (Tillamook Bay, Oregon; Yaquina Bay, Oregon; Grays Harbor, Washington) (Ferraro and Cole, unpublished data) will be used to further test the environmental and geographic limits of extrapolation of these benthic macrofauna–habitat associations.
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