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Benthic invertebrates play vital roles in estuarine ecosystems, but like other taxa

they have been excluded from former marshlands by diking and land use

conversion. Dike removal is one way of restoring marsh, but the response of

benthic invertebrates has been little studied. Also understudied is variation in

benthic invertebrate communities across entire deltas, particularly in the Pacific

Northwest of North America where deltas receive high flows and sediment

loads for their size. Our goals were to evaluate invertebrate response to large-

scale dike removal on the Nisqually River Delta in Puget Sound, Washington,

U.S.A., characterize delta-wide invertebrate community variation, and relate

invertebrate response and spatial variation to environmental conditions. We

sampled invertebrates annually from one year before to three years after dike

removal in restoring marsh, previously restored marsh, undisturbed reference

marsh, and adjacent tidal flats. Marine taxa immediately colonized the area

recently restored to tidal inundation and population size grew exponentially

thereafter for several of them. Community composition and diversity recovered

completely, and density and biomass were approaching recovery three years

later. Invertebrate communities converged between restoring and pre-existing

marsh (previously restored and reference), suggesting an influence of

reestablished connectivity. Just offshore from the dike line, invertebrates

declined one year after dike removal but then rebounded indicating

resilience to short-term disturbance. Dike removal effects were not detected

farther offshore. Near the offshore edge of the delta, invertebrate biomass and

body size were greater than elsewhere and a diverse assemblage of

crustaceans, polychaetes, and bivalves was present. Farther inshore, tidal flats

were dominated by a few species of small-bodied polychaetes and had higher

density but lower biomass and diversity. Facultative detritivores, which can also

filter feed, were the dominant feeding guild everywhere on the tidal flats.

Density, biomass, diversity, and community composition on the marsh were

more similar to the inner than outer tidal flats. Environmental variables most
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associated with invertebrate community variation were elevation, salinity, and

sediment grain size and organic content. Our results are relevant to assessing

performance and setting expectations for future restorations and have broad

implications for the role of benthic invertebrates in estuarine ecosystems.
KEYWORDS

benthic invertebrates, dike removal, Nisqually, restoration, estuaries, marsh, wetlands,
tidal flats
1 Introduction

Benthic macroinvertebrates are an important component of

estuarine ecosystems. They directly process a significant portion

of system-wide primary production (Herman et al., 1999) and

allochthonous organic input (Burd et al., 2013), and can have an

indirect effect on total sediment metabolism and nutrient cycling

by stimulating microbial processing of organic matter through

bioturbation and bio irrigation (Kristensen et al., 2014). They

interact with primary producers such as microphytobenthos,

macroalgae, and seagrass through grazing which can prevent

growth or stimulate it through epibiont removal (Duffy et al.,

2015). Additionally, benthic invertebrates form the foundation of

many estuarine food webs and constitute important prey items

for fish and waterbird species (Quammen, 1984; Bottom and

Jones, 1990; Placyk and Harrington, 2004; Howe and

Simenstad, 2011).

Over the past century, global loss of estuarine habitats to

agriculture, industry, and urbanization has been extensive, and as

a consequence many important species are depleted (Lotze et al.,

2006). Pacific Northwest river deltas provide rearing and feeding

habitat for estuarine-dependent fish (Hughes et al., 2014) and

waterbirds (Michel et al., 2021) but in developed areas much of

this habitat has been lost (Simenstad et al., 2011). Diking, draining,

and conversion of highly productive tidal marshes to farmland have

been especially detrimental to several species of salmon that are in

decline and depend on marsh habitat and the invertebrate prey it

provides during outmigration (Simenstad and Cordell, 2000; Fresh,

2006). Recently, attempts have been made to reverse this process

and restore marsh through dike removal. Such a project was

undertaken on the Nisqually River Delta in southern Puget

Sound, Washington, U.S.A. starting in 1996. Restoration efforts

culminated in 2009 with the removal of a century-old dike system

surrounding over 300 ha of freshwater marsh on the Billy Frank Jr.

Nisqually National Wildlife Refuge (hereafter “Refuge”). The

primary motivation for restoration was to increase juvenile

salmon rearing habitat; however, it was considered whole-

ecosystem restoration likely to benefit native species of all types.

Studies evaluating the capacity of restored marsh to support

invertebrates (usually in the context of salmonid prey) in other

estuaries have found marked post-restoration shifts in prey
02
abundance (Simenstad and Thom, 1996; Gray et al., 2002; Tanner

et al., 2002). In the Nisqually estuary, Woo et al. (2018) measured the

response of benthic, terrestrial, and pelagic invertebrates during the first

three years after dike removal on the Refuge. They compared the 2009

restoration area, nearby emergent marsh in an older restoration area,

and undisturbed reference marsh, and found large increases in

salmonid prey abundances in the recently restored area and

comparability of prey resources there to previously restored and

undisturbed marsh for all three invertebrate strata.

Here we focus specifically on benthic invertebrates and expand

the scope to include tidal flats extending from the edge of the

emergent marsh offshore to the delta front. We build on the results

presented by Woo et al. (2018) with a more extensive spatial

analysis to evaluate invertebrate response to dike removal from

the perspective of the entire delta, which allowed us to address the

extent of effects on invertebrates on tidal flats adjacent to restored

marsh. We also reexamine colonization of the recently restored area

by marine taxa including an assessment of the progression, speed,

and completeness of invertebrate recovery. Our focus on benthic

invertebrates includes broad consideration of their functional roles

in estuarine ecosystems including examining functional feeding

guild composition (Macdonald et al., 2012).

In addition to assessing effects of dike removal, we investigated

how invertebrate communities varied across an onshore-to-offshore

gradient extending from the inner edge of the marsh to the outer

edge of the delta. Pacific Northwest deltas are at the terminus of

rivers draining steep, rain and snow laden mountains and receive

high flow and sediment inputs for their size (Czuba et al., 2011). The

Nisqually River Delta fits in this category even though in recent

years much of the river-borne sediment has been trapped behind

upriver dams and no longer reaches the delta (Curran et al., 2016).

Little is known about delta-wide invertebrate variation in systems

like these, although it has been studied in a broad range of other

systems lacking high flow and sediment inputs in proportion to

their size (Mannino and Montagna, 1997; Ysebaert et al., 2003;

Giberto et al., 2004; Currie and Small, 2005).

In conjunction with investigating invertebrate response to dike

removal and invertebrate community variation across the delta, we

examined how the invertebrate community was related to

environmental variation. We evaluated relationships with bed

elevation; sediment grain size, organic content, and pH; and
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water column salinity, temperature, and dissolved oxygen. These

variables can affect benthic invertebrate abundance and species

composition (Ysebaert and Herman, 2002; Hirst, 2004; Dethier and

Schoch, 2005; Burd et al., 2008; Dethier et al., 2010; van der Wal

et al., 2017). Our analyses include separating temporal effects of

environmental changes from spatial differences.

Here we characterize delta-wide spatiotemporal variation in

benthic macroinvertebrate communities from one year before to

three years after a major dike removal project and establish the

environmental basis for this variation. Specifically, we address

(1) how benthic invertebrates responded to the return of tidal

inundation following dike removal; (2) whether their community

composition changed beyond the scope of the restored area, either

in nearby pre-existing marsh or on the tidal flats; (3) whether dike

removal constituted a short-term disturbance event for

invertebrates; and (4) how community composition varied

spatially along an environmental gradient extending from

emergent marsh to the delta front. Our results are useful as a

measure against which to set expectations and evaluate

performance of future restorations, and they have broad

implications for the role of benthic invertebrates in estuarine

ecosystems including trophic support of species of concern. The

observed associations with environmental variables are helpful for

guiding process-based monitoring and gaining better

understanding of the consequences of environmental change for

benthic invertebrates.
2 Materials and methods

2.1 Study area

The Nisqually River Delta is located at the southern end of

Puget Sound, Washington, USA (Figure 1). The study area included

the entire mesohaline (emergent marsh, 490 ha) and adjacent

polyhaline [tidal flats, 1470 ha (Simenstad et al., 2011)] zones.

Mean annual discharge from the Nisqually River is 59 m3·s-1 with a

mean annual sediment load of 109,000 tonnes/yr (Czuba et al.,

2011). Daily tides are mixed semidiurnal with a 2.9 m mean range

(mean high water-mean low water) and a 4.1 m great diurnal range

(mean higher high water-mean lower low water).

Since 1996, the Nisqually Indian Tribe and the Refuge have

restored 364 ha of former emergent marsh habitat to tidal

inundation through multiple phased dike removal projects: 3.6 ha

in 1996 (Pilot), 12.5 ha in 2002 (Phase 1), 40 ha in 2006 (Phase 2),

and 308 ha on the Refuge in 2009 (Restored Refuge). Initial

restorations (1996-2006) occurred east of the Nisqually River and

removed barriers to tidal inundation via Red Salmon Slough

(Figure 1). During our study, these initial restorations contained

vegetation common to high- and mid-elevation salt marshes of the

Pacific Northwest (Belleveau et al., 2015) and were structurally

similar to historically unaltered salt marsh along Red Salmon

Slough to the northeast. In the fall of 2009, dikes surrounding the

subsided, freshwater, and rain-fed wetlands on the Refuge were

removed, reestablishing over 44 ha of major tidal channels (Ellings

et al., 2016). After dike removal, the freshwater vegetation died back
Frontiers in Ecology and Evolution 03
and was gradually replaced by bare ground and halophilic tidal

marsh plants (Woo et al., 2018).

The Nisqually Delta tidal flats are entirely within the Refuge

except for a commercial shellfish farm northwest of the mouth of

McAllister Creek. The flats are mostly unvegetated except for

eelgrass meadows along McAllister Creek (Takesue, 2016; Woo

et al., 2019), near the delta front offshore from Red Salmon Slough,

and at the northwest corner of the delta (Hodgson et al., 2016).
2.2 Site groupings and placement

We merged two concurrent sampling efforts that occurred in

the restored and historically undisturbed marshes (Marsh) and on

the tidal flats to the north of the marsh boundary (Tidal Flats).

Sampling sites were grouped by location (Marsh versus Tidal Flats)

and then by habitat within each location (Figure 1).

Marsh sites (n = 21) were grouped into three habitats for

consistency with Woo et al. (2018): Restored Refuge, which was

restored to tidal inundation by dike removal in fall 2009; Restored

Marsh, which was previously restored (Phase 1 in 2002 and Phase 2

in 2006); and undisturbed Reference Marsh (Figure 1). Within the

Restored Refuge, sites were positioned along five tidal channels

(Units 1-4 and Madrone). Three sites were sampled in each

channel: one just inshore from the dike line (north), one near the

inshore terminus (south), and one in the middle. Other Marsh sites

were also sampled along tidal channels, including Phase 1 (P1M,

P1S) and Phase 2 (P2W, P2S) Restored Marsh sites, and Reference

Marsh sites along various branches of Red Salmon Slough

(RFN, RFS).
FIGURE 1

Study area. Sampling sites are color-coded by habitat. White labels
indicate site names. Marsh sites: U1, Unit 1; U2, Unit 2; U3, Unit 3;
U4, Unit 4; M, Madrone; P1, Phase 1 restoration; P2, Phase 2
restoration; RF, reference. For Marsh sites, the last letter indicates
the position along a tidal channel: N, north; M, middle; S, south; W,
west. Tidal Flats site names all start with F. Elevation was determined
from topobathymetric lidar data collected in 2011. The dashed line
shows where dikes were removed. The star shows the location of
the Billy Frank Junior National Wildlife Refuge headquarters. Base
layer imagery was taken in 2014 by Watershed Sciences, Inc.,
Corvallis, OR, United States.
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Tidal Flats sites (n = 22) were also grouped into three habitats:

Inner Flats East offshore from the Reference Marsh, Inner Flats

West offshore from the Restored Refuge, and Outer Flats extending

from the offshore edge of Inner Flats East and Inner Flats West to

the delta front (Figure 1). Outer Flats sites were grouped together as

a single habitat based on preliminary analyses suggesting relatively

homogenous environmental conditions and invertebrate

community structure. Tidal Flats sites were positioned along

onshore-to-offshore transects that aligned with the Marsh sites

(Figure 1). Sites F1-F6 and F7-F12 extended from the Unit 1 and

Unit 2 transects, respectively. Tidal channels were well defined close

to the dike line near sites F1-3 and F7-9 but grew more diffuse

farther offshore. Site F3 was placed near F2 but at a higher elevation,

and the same was true of F8A compared to F9. Sites F13-F15 and

F21 extended from the Unit 3 transect, but only F13 was in a tidal

channel. Tidal Flats sites east of the Nisqually River were not in

channels. Site F19A was positioned west and F20A east of other sites

on the outer edge of the delta to encompass the entire delta front.

Site F19A was in eelgrass.
2.3 Data collection

We sampled from 2009 to 2012. Each site was sampled once per

year in July or August. We maintained site location consistency

from year-to-year with a global positioning system unit (± 3 m

accuracy). Most sites were sampled in all four years, but on the

Marsh the three Madrone sites were not sampled in 2009 and the

three Unit 2 sites and RFS were not sampled in 2010. Other

instances where sites were not sampled every year are noted in

captions of figures presenting results.

2.3.1 Invertebrates
At each Marsh site we collected one medium-sized core (10 cm

diameter, 10 cm deep, surface area = 78.54 cm2). Cores were filtered

through stacked 1.0 mm and 0.5 mm mesh sieves (size fractions

stored separately) in 2009-2010 and through only a 0.5 mm sieve in

2011-2012. Tidal Flats sampling differed between 2009 and later

years. In 2009, we collected a Van Veen grab at each site (surface

area = 600 cm2; mean ± SD sample depth = 9.3 ± 3.0 cm), and at 12

of the sites we also collected a medium-sized core. Grabs were

filtered through a 1.0 mm mesh sieve and cores through stacked 1.0

mm and 0.5 mm mesh sieves. In 2010-2012, one small core (4.7 cm

diameter, 10 cm deep, surface area = 18.09 cm2) was collected at

each Tidal Flats site and filtered through stacked 1.0 mm and 0.5

mm mesh sieves. Invertebrate samples were stored in 95% ethanol.

We identified invertebrates to the lowest practicable taxonomic

level and counted individuals. We determined wet weight biomass

of invertebrates in Tidal Flats samples by collectively weighing

individuals grouped by phylum (Annelida, Arthropoda, Mollusca,

and Other) (Puget Sound Water Quality Authority, 1987). We

calculated mean body weight per phylum for each sample as

biomass divided by number of individuals weighed. Biomass and

body weights were converted from wet to dry weights using the

conversion factors in Brey et al. (2010) (Supplementary Table S1).
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For invertebrates in Marsh samples, we determined dry weight

biomass from taxon-specific mean dry body weights from the

literature when suitable values were available, or from our

phylum-level biomass measurements made in nearby Tidal Flats

habitats when they were not which was the case for Annelida,

Mollusca, and Other (Supplementary Table S2). For annelids, large

sample sizes and consistent spatial patterns of annelid species

composition allowed assigning Inner Flats East body weights to

the Reference and Restored marsh samples, and Inner Flats West

weights to the Restored Refuge. For Mollusca and Other, Inner Flats

East and Inner Flats West body weights were pooled and assigned to

all three Marsh habitats (Supplementary Table S2).

Counts and biomass for each sample were standardized by unit

area (m2) based on sample surface area, and those for samples

filtered through stacked sieves were summed over the 1.0 mm and

0.5 mm size fractions before analysis. Because Van Veen grabs were

only sieved through 1.0 mm mesh, they were analyzed separately

along with the 1.0 mm size fraction of 2009 Marsh cores and 2010

Marsh and Tidal Flats cores.

2.3.2 Environment
We collected environmental samples concurrently with

invertebrate samples. At Marsh sites, sediment was collected

using a medium-sized core and analyzed for percent organic

matter (percent weight loss on ignition); pH (rehydrated and

tested with a pH meter); and soil texture (percent sand, silt, and

clay following USDA particle size classifications) (A & L Western

Agricultural Laboratories, Modesto, CA, USA). Water temperature,

salinity, and dissolved oxygen were measured using a handheld YSI

Model 85 multi-meter (Yellow Springs Instruments, Yellow Springs,

OH, USA).

At Tidal Flats sites, we collected sediment samples but not water

quality data. In 2009, sediment was sub-sampled from Van Veen

grabs. In 2010-2012, a small sediment core was collected. Samples

were analyzed for grain size and total organic carbon. Particles with

diameters >2 mm were separated by dry-sieving. Sand and fine

particles (0.063 to 2 mm and <0.063 mm, respectively) were

separated by wet sieving and quantified by laser particle

diffraction counting (Beckman Coulter Life Sciences, Indianapolis,

IN, USA). Total carbon (TC) and total inorganic carbon (TIC) were

determined coulometrically (UIC, Inc., Joliet, IL, USA). Total

organic carbon was calculated as the difference between TC

and TIC.

We derived the bed elevation at each Marsh and Tidal Flats site

from a bare earth digital elevation model (DEM) developed from

topobathymetric lidar data collected in 2011 and referenced to

NAVD88 (Ellings et al., 2016). Horizontal and vertical resolution of

the DEM was 2 cm in unvegetated areas.
2.4 Analyses

2.4.1 Invertebrate diversity
We used the Simpson Diversity Index to characterize

invertebrate diversity because it is not sensitive to differences in
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sampling effort and therefore is comparable between samples

from cores differing in area (Clarke et al., 2014). We used

species accumulation curves to compare species richness

among habitats that differed in the number of sites sampled

(Clarke et al., 2014). We classified species into feeding

guilds (Macdonald et al., 2010, 2012) to characterize trophic

composition of invertebrate communities. All data used in

analyses are publicly available (Rubin et al., 2024).

2.4.2 Spatial and temporal variation in
environment or invertebrates

We used linear mixed effects models (LMM) to evaluate

differences in environmental variables (e.g., percent organic

matter, salinity) or univariate invertebrate metrics (e.g., diversity,

total density) among habitats and years (Pinheiro et al., 2019).

Predictors were Habitat (fixed), Year (fixed, continuous), their

interaction, and Site nested within Habitat (random). The

predictor Year tested for linear change (increase or decrease) over

the four-year study period. The Habitat*Year interaction tested for

differences in slope of change among habitats. Site was dropped if it

did not improve model fit according to the Akaike Information

Criterion (AIC) (Aho et al., 2014). Plots of residuals against fitted

values and each predictor were visually assessed for violations of

normality, heterogeneity, and independence assumptions (Zuur

et al., 2009). We obtained the mean (over years) and slope

(change over years) for each habitat from the fitted model and

tested for differences between each pair of means and also between

each pair of slopes; P-values were adjusted for multiple comparisons

using Tukey multiple comparisons tests (Lenth, 2020). Percent

organic matter and invertebrate biomass and body weight were

log-transformed before conducting LMMs. We used a generalized

linear mixed model to evaluate total invertebrate density (summed

over taxa) (Bolker, 2020). Density was modeled as a count using the

negative binomial distribution because it fit best among candidate

distributions according to AIC. We used geometric means of

invertebrate total density and biomass in 2009 and 2012 in the

Restored Refuge to evaluate overall change in that habitat during

the study period.

We used a multivariate analysis to evaluate differences in

sediment grain size distributions among habitats and years (Clarke

and Gorley, 2015). For each sample, percentages in each grain size

class were cumulated (e.g., if gravel = 10%, sand = 40%, silt = 30%,

and clay = 20%, then when cumulated there was 10% gravel, 50%

sand, 80% silt, and 100% clay). The resulting data matrix (cumulative

percentages of gravel, sand, silt, and clay in columns and samples in

rows) was then used to create a resemblance matrix of Euclidian

distances between samples, and a multivariate analysis of variance

was performed using PERMANOVA (Anderson et al., 2008).

Predictors were the same as in univariate LMMs. P-values of

multiple paired comparisons were adjusted with the Dunn-Sidak

method (Sokal and Rohlf, 1995).

Multivariate analyses of invertebrate community structure were

always performed on resemblance matrices of Bray-Curtis

similarities between samples (Clarke and Gorley, 2015; Oksanen

et al., 2019). Before computing similarities, densities were square-
Frontiers in Ecology and Evolution 05
root transformed to reduce the influence of abundant species on

results (Clarke et al., 2014).

We used one-way Analysis of Similarities (ANOSIM) to evaluate

differences in multivariate invertebrate community structure among

habitats and years (Clarke and Gorley, 2015). We conducted separate

analyses for community differences among habitats within each year,

and community differences among years within each habitat, and we

tested for differences between each pair of habitats (or years); P-values

were adjusted for multiple comparisons by the Dunn-Sidak method.

We used the ANOSIM R statistic as a measure of community

similarity among habitats (or years) where R ranges from -1 to 1

with 0 indicating no similarity among groups and 1 indicating

maximum similarity (Clarke et al., 2014).

We explored variation in environmental variables or

multivariate invertebrate community structure among sites and

years with ordination. Environmental variation was visualized by

plotting sample (site-year) scores and variable vectors from

principal components analysis (PCA) (Clarke and Gorley, 2015).

Invertebrate community variation was visualized by plotting sample

and species scores from non-metric multidimensional scaling

(NMDS) analyses (Oksanen et al., 2019). Species scores are

weighted averages of the sample scores where the weights are the

abundance (i.e., square root-transformed density) of each species at

each site. In the Restored Refuge, sites close to the dike line changed

differently across years than sites far from it or in between. To

visualize this difference, we computed distances among centroids

for sites grouped by position and year (Anderson et al., 2008), and

then conducted an NMDS using the resulting matrix of distances.

2.4.3 Associations between invertebrates
and environment

We used correlation and regression approaches to evaluate

associations between invertebrate and environmental metrics.

Separate analyses were conducted for Marsh and Tidal Flats

samples when the set of environmental variables differed between

those two strata. Sediment grain size was comparable between the

strata but sediment organic content was not (organic matter versus

organic carbon), and sediment pH and water column

measurements were only available for the Marsh, not the Tidal

Flats. Data used in analyses were invertebrate and environmental

metrics for each sample (site-year); habitat and year were not

specified in analyses. We used Spearman rank correlation to

evaluate associations between density of individual invertebrate

species or univariate metrics of total invertebrates (density,

biomass, body weight, or Simpson diversity) and each

environmental variable. Percent silt was not included as an

environmental variable here or in the regressions described below

because of high inverse correlation with percent sand (r < -0.95).

We used distance-based Redundancy Analysis (dbRDA), which

is akin to multivariate regression, to evaluate associations between

multivariate invertebrate community structure and environmental

predictors (Anderson et al., 2008; Oksanen et al., 2019). We chose

dbRDA instead of Canonical Correspondence Analysis because

preliminary analyses indicated that species abundances varied

monotonically, not unimodally (Oksanen et al., 2019). We fit
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both single and multiple predictor models. For multiple predictor

models, we used two different approaches to help separate temporal

from spatial effects. First, Site was not included in models but all

other environmental predictors were. Temporal effects of predictors

could not be separated from spatial effects in the results. Second,

Site was included in the models which meant that Site accounted for

spatial variation and therefore other environmental predictors

accounted primarily for temporal variation. Elevation was not

included because Site accounted for elevation differences. Also,

sites with only one year of environmental data were excluded

because they did not contribute to assessment of temporal effects.

Predictors retained in final multiple predictor models were required

to be significant at the P<0.1 level. For each predictor, we report

delta R2 values which indicate the increase in R2 obtained when the

predictor is added to a model already containing all

other predictors.

We visualized final multiple-predictor dbRDA models by

plotting site and species scores (Oksanen et al., 2019) and

predictor vectors (Anderson et al., 2008). Predictor vectors

indicated direction and strength of the multiple partial correlation

between each predictor and each dbRDA axis. The total number of

dbRDA axes (we only plotted the first two axes) is equal to the

number of predictors in the model. We report the percentage of

fitted community variation and total community variation

explained by axes 1 and 2. All axes combined explain 100% of

fitted community variation (i.e., the variation explained by the

model) and some percentage of total community variation (equal to

the model R2 value).
2.4.4 Exponential population growth
In the Restored Refuge, density of several key invertebrate taxa

increased more between 2011 and 2012 than between 2010 and

2011. This finding prompted us to test whether the density increases

were consistent with exponential growth in population size and to

estimate annual rates of increase in density. Data collected from

each Restored Refuge site in 2010-2012 (n = 42 site-years) were used

to fit exponential growth models: xt = x0e
kt, where xt = density at

time t, x0 = density at time 0, k = growth constant, ek = annual rate

of increase in density, and t = year. Analyses were performed on ln

(density + 100) (i.e., log-linear models were fit). We added 100 to

each density, which was roughly equivalent to adding one

individual to each sample (i.e., before expansion to number of

individuals per m2), to preclude undefined results for zero densities.

The statistical test we conducted was whether the annual rate of

increase in density was significantly >1, where a rate of 1 indicates

that density was increasing linearly, not exponentially.
3 Results

3.1 Environment

Elevation of sites ranged from -1.6 m to 2.8 m and was on

average lowest in the Outer Flats and highest in the Restored Marsh

(Figure 2). Sediment grain size was notably coarser on the Outer
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Flats (>80% sand; Figure 3C) than in the other five habitats (40-65%

sand; P<0.05; Figures 3A, B, D–F). After dike removal, sediments

appeared to coarsen more in the Restored Refuge (Figure 3F) and

Inner Flats West (Figure 3B) than in the other habitats, even though

change in grain size across years did not differ significantly among

habitats (P=0.2).

In the Marsh, sediment percent organic matter (OM) was

roughly 30% in the Restored Refuge before dike removal and then

decreased to <10% by 2012, whereas OM was consistently low

(<=5%) across years in the Restored and Reference marshes

(Figures 4A–C). In contrast, sediment pH changed from slightly

to moderately acidic between 2009 and 2012 in Restored and

Reference marshes but remained moderately acidic across all four

years in the Restored Refuge (Figures 4D–F). Salinity increased

from 5 ppt in 2009 to 15 ppt in 2010-2012 in the Restored Refuge, as

would be expected from the return of tidal influence, but

unexpectedly it decreased from 20 ppt in 2009 to 5-10 ppt in

2012 in the Restored and Reference marshes (Figures 4J–L).

Temperature changed little across years but was higher in the

Restored Marsh than in the Reference Marsh or Restored Refuge

(Figures 4M–O). Dissolved oxygen was 5-10 mg·l-1 in all habitats

and years except for being lower (1-4 mg·l-1) in the Restored Refuge

in 2009 (Figures 4G–I).

In the Tidal Flats, total organic carbon (TOC) in the Outer Flats

was less than half that in the Inner Flats East or Inner Flats West

(Figures 4P–R). TOC decreased after dike removal within Inner

Flats West habitat concurrently with apparent sediment coarsening

there (Figure 3B). Sediment coarsening and decreased TOC were

particularly evident at the three southwest-most Inner Flats West

sites (F1, F2, and F3; Supplementary Figure S1).

Some environmental variables strongly covaried, especially

those related to sediment grain size (Supplementary Table S3).
FIGURE 2

Box plots of bed elevation by habitat. The midline shows the median
and the hinges the first and third quartiles; whiskers extend to the
largest (or smallest) value no farther than 1.5 times the interquartile
range from the hinge which included all values (there were no
outliers). Boxes without a letter in common differ (P < 0.05).
Numbers in boxes indicate sample size (number of sites). Elevation is
referenced to NAVD88. InFltE, Inner Flats East; InFltW, Inner Flats
West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh,
Restored Marsh; RstrRfg, Restored Refuge.
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Percent sand and silt were strongly inversely correlated in both the

Marsh and Tidal Flats (r < -0.95); correlations between percent sand

or silt and percent clay were weaker (|r| < 0.90). TOC was correlated

with percent clay in the Tidal Flats (r = 0.88).
3.2 Invertebrate community

Our samples included 11 phyla and at least 153 species of

invertebrates (Supplementary Table S5). To be consistent across

Marsh and Tidal Flats data sets, we grouped them into 33 taxa

(Supplementary Table S6) for all analyses except when analyzing

Tidal Flats species richness or qualitatively assessing fine-scale

species composition within broader taxonomic groups.

3.2.1 Spatial and temporal community variation
The invertebrate community differed significantly among

habitats in each year (Table 1, overall comparisons), although

among-habitat differences decreased after dike removal (as

indicated by decreased ANOSIM R values). Community

differences among years were present in the Restored Refuge,

Restored Marsh, and possibly the Reference Marsh as well based

on the relatively high ANOSIM R value, but not in Tidal Flats

habitats (Table 2, overall comparisons).
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Invertebrate community differences between the Restored

Refuge and the other habitats were substantial before dike

removal but decreased in later years (Table 1; Figures 5A–D).

Within the Restored Refuge, the community changed more from

before to after dike removal than during the years following dike

removal (Table 2; Figure 6D). Restored and Reference Marsh

communities changed differently from the Restored Refuge

community in terms of the magnitude and timing of shifts

(Table 2; Figures 6B, C), but Restored and Reference Marsh

communities both became increasingly similar to the Restored

Refuge community through 2012 (Table 1; Figures 5A–D).

Invertebrate community differences between the Outer Flats

and the rest of the habitats were pronounced before and after dike

removal (Table 1; Figures 5A–D). The Outer Flats community

differed significantly from Inner Flats East and Inner Flats West

communities in 2010-2012 (Table 1), and in 2009 for samples sieved

through 1 mm mesh only and therefore available for all sites, not

just the subset with samples sieved through stacked 1 mm and 0.5

mm mesh (Supplementary Table S7; Supplementary Figure S2).

Community differences between Inner Flats East and Inner Flats

West were not significant (Table 1; Supplementary Table S7), even

though separation on NMDS plots suggested some level of

community difference, especially in 2009-2010 (Figures 5A, B;

Supplementary Figure S2).
FIGURE 3

Mean sediment grain size composition by habitat (A–F) and year. Trace amounts (< 0.1%) of gravel were present at some InFltW and OutFlt sites, not
enough to be visible on the plots. Numbers in bars indicate sample size (number of sites). Results are not shown for Tidal Flats habitats in 2011 or
Marsh habitats in 2010 because data are missing for too many sites. InFltE, Inner Flats East; InFltW, Inner Flats West; OutFlt, Outer Flats; RefMrsh,
Reference Marsh; RstrMrsh, Restored Marsh; RstrRfg, Restored Refuge.
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The degree of invertebrate community change depended on a

site’s position relative to the dike line. In the Restored Refuge, sites

farthest from the dike line (South sites) changed less after dike

removal than sites closer to it (Middle and North sites; Figure 6D).

In the Inner Flats West, sites F1, F2, and F3 just offshore from the

dike line changed circularly (Figure 6A; most pronounced for F2),

initially away from the original community in 2010 and then back

to it by 2012.

3.2.2 Driver taxa
Of the 33 taxa we used in analyses, 11 – Amphipoda, Bivalvia,

Cumacea, Harpacticoida, Insecta, Manayunkia aestuarina

(henceforth referred to as Manayunkia), Nematoda, Oligochaeta,

Ostracoda, Polychaeta Other (polychaetes other thanManayunkia),

and Tanaidacea – had mean density ≥ 673/m2, occurred in ≥ 30% of

the samples (i.e., site-years), contributed ≥ 48% of the individuals in

at least one sample, and collectively composed 98.7% of total

individuals when all samples were pooled (Supplementary Table

S6). Spatial and temporal differences in invertebrate communities

were primarily driven by these 11 taxa.

Before dike removal, the Restored Refuge had the highest

density of Insecta among habitats but lacked 7 of the other 10

driver taxa (Figure 7). After dike removal those 7 taxa (Amphipoda,

Cumacea, Harpacticoida, Manayunkia, Nematoda, Polychaeta
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Other, and Tanaidacea) colonized the Restored Refuge and all but

Manayunkia reached their highest density in 2012 (Figure 7).

Densities of Bivalvia and Ostracoda in the Restored Refuge were

also highest in 2012 (Figures 7B, I). The convergence of invertebrate

communities among the Restored Refuge, Restored Marsh, and

Reference Marsh by 2012 (Table 1; Figures 5A–D) was driven in

part by increases in Amphipoda and Harpacticoida in all three

habitats (Figures 7A, D). The relationship of driver taxa to spatial

and temporal variation in invertebrate communities is also

indicated by the position of driver taxa on NMDS plots

(Figures 5A–D).

In the Restored Refuge, density increased more between 2011

and 2012 than between 2010 and 2011 for all colonizing taxa except

Manayunkia (Figure 7). Further, for three colonizing taxa, the

increase in density from colonization in 2010 through 2012

significantly fit exponential population growth models

(Supplementary Figure S3). The annual rate of increase in density

was 2.5 for Cumacea, 3.9 for Harpacticoida, and 3.2 for Nematoda,

indicating that annually, density more than doubled for Cumacea

and more than tripled for Harpacticoida and Nematoda. Non-

significant annual rates of density increases (P>0.05) were 1.5 for

Amphipoda, 1.4 for Polychaeta Other, and 1.1 for Tanaidacea.

Thus, for most colonizing taxa there was no evidence that rates of

density increase were slowing down three years after dike removal.
FIGURE 4

Box plots of environmental variables by habitat (A–C, D–F, G–I, J–L, M–O, P–R) and year. The midline shows the median and the hinges the first
and third quartiles; whiskers extend to the largest (or smallest) value no farther than 1.5 times the interquartile range. Solid red lines: habitat mean
(i.e., averaged over years); means without a red letter in common differ (P < 0.05). Dashed blue lines: slope of the relation between the
environmental variable and year; slopes without a blue letter in common differ (P < 0.05). Black numbers over or under boxes indicate sample size
(number of sites); sample sizes are equal between organic matter and pH, and among dissolved oxygen, salinity, and temperature. Results are not
shown for organic matter or pH in 2010, or total organic carbon in 2011 because data are missing for too many sites. InFltE, Inner Flats East; InFltW,
Inner Flats West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh, Restored Marsh; RstrRfg, Restored Refuge.
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Differences in community composition among habitats revealed

broad spatial patterns (Figure 7). The Outer Flats had moderate to

high densities of all driver taxa except Manayunkia, Oligochaeta,

and Insecta. Crustaceans (Amphipoda, Harpacticoida, Tanaidacea,

and Cumacea) were the most abundant high-level taxonomic group

(phylum or class) on the Outer Flats. Inner Flats East had very high

densities of annelids (Manayunkia, Oligochaeta, and Polychaeta
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Other). Inner Flats West had densities intermediate to those of

Inner Flats East and Outer Flats for most taxa. The Restored Marsh

had higher densities of Nematoda and Ostracoda than the

other habitats.

Invertebrate identifications to levels of taxonomic resolution

finer than the driver taxa were sometimes comparable between the

Marsh and Tidal Flats data sets. They revealed dominant species

and spatial or temporal shifts in species composition. On the Outer

Flats, nearly all tanaids were from the family Leptocheliidae (species

Chondrochelia savignyi) and 92% of the cumaceans were Cumella

vulgaris. In contrast, in the Restored Marsh, tanaids were nearly all

from the family Tanaididae (species primarily Sinelobus stanfordi)

and cumaceans were mostly Nippoleucon hinumensis. Amphipod

species composition also differed between the Outer Flats and

Mar sh hab i t a t s . Ou t e r F l a t s amph ipods were 79%

Monocorophium sp. (M. acherusicum and M. insidiosum) but <

1% Americorophium sp. (A. salmonis), whereas in the Restored

Marsh about 90% of the amphipods were from the family

Corophiidae but Americorophium sp. were nearly as abundant as

Monocorophium sp which were mostly M. insidiosum. Species of

tanaids, cumaceans, and amphipods that colonized the Restored

Refuge tended to be the same ones that were abundant in the

Reference and Restored marshes. In the Restored Refuge, Insecta

density was lower in 2010-2011 than in 2009, then high again in

2012 (Figure 7), but family composition shifted from Anthomyiidae,

Ceratopogonidae , Hydrophilidae , Muscidae, Psychodidae,

Sciomyzidae, and Tipulidae larvae in 2009 to Chironomidae and

Dolichopodidae larvae in 2012. Polychaeta Other (i.e., polychaetes

other than Manayunkia aestuarina) in the Inner Flats East were

primarily Capitella capitata (39%), Pygospio elegans (52%), and

Streblospio benedicti (5%). In contrast, Polychaeta Other in the

Outer Flats was composed of C. capitata (6%), Rhynchospio glutaea

(49%), and a variety of other species each accounting for no more

than 4% of the total. Outer Flats bivalves were about half Kurtiella

tumida and the other half primarily a mix of Clinocardium sp.,

Macoma balthica, M. nasuta, Macoploma yoldiformis, Mytilus sp.,

Parvilucina tenuisculpta, and Tellina modesta.
TABLE 1 Invertebrate community differences among habitats
within years.

Comparison

Year

2009 2010 2011 2012

Overall 0.745** 0.399** 0.345** 0.345**

InFltE-InFltW 0.458 0.252 0.085 0.151

InFltE-OutFlt 0.958 0.796* 0.869* 0.749*

InFltE-RefMrsh 0.071 1.000 0.750 0.643

InFltE-RstrMrsh 0.240 0.604 0.944 0.740

InFltE-RstrRfg 0.985** 0.540** 0.377 0.629**

InFltW-OutFlt 0.417 0.543** 0.522** 0.257*

InFltW-RefMrsh 0.750 -0.196 0.392 -0.164

InFltW-RstrMrsh 0.750 0.377 0.680 0.684*

InFltW-RstrRfg 0.896** 0.264 0.373* 0.351*

OutFlt-RefMrsh 1.000 0.071 0.728 0.163

OutFlt-RstrMrsh 1.000 0.622 0.764 0.677*

OutFlt-RstrRfg 1.000** 0.377** 0.440** 0.343**

RefMrsh-
RstrMrsh

0.321 1.000 0.250 0.750

RefMrsh-RstrRfg 0.961 -0.295 -0.099 -0.101

RstrMrsh-RstrRfg 0.991** 0.394 0.067 0.122
Entries are ANOSIM R statistics. ** = P<0.01; * = P<0.05. InFltE, Inner Flats East; InFltW,
Inner Flats West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh, Restored Marsh;
RstrRfg, Restored Refuge.
TABLE 2 Invertebrate community differences among years within habitats.

Comparison

Habitat

InFltE InFltW OutFlt RefMrsh RstrMrsh RstrRfg

Overall 0.168 0.036 -0.034 0.444 0.510** 0.368**

2009-2010 -0.052 -0.009 -0.243 1.000 -0.094 0.637**

2009-2011 0.229 0.070 -0.264 0.250 0.833 0.473**

2009-2012 0.073 -0.206 0.017 1.000 0.688 0.845**

2010-2011 0.719 0.152 -0.050 -1.000 0.556 0.053

2010-2012 0.302 0.124 0.057 -1.000 0.635 0.213*

2011-2012 -0.031 -0.027 0.040 0.250 0.593 0.091
Entries are ANOSIM R statistics.
** = P<0.01; * = P<0.05. InFltE, Inner Flats East; InFltW, Inner Flats West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh, Restored Marsh; RstrRfg, Restored Refuge. Note that for
RefMrsh, n sites equal 1 in 2010 and 2 in 2009, 2011, and 2012, making R values for comparisons between pairs of years less meaningful than for the other habitats.
frontiersin.org

https://doi.org/10.3389/fevo.2024.1356679
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Rubin et al. 10.3389/fevo.2024.1356679
FIGURE 5

Non-metric multidimensional scaling (NMDS) ordination of invertebrate community similarity among sites by year (A–D). Driver taxon scores are
shown in dark blue text: Amphi, Amphipoda; Bival, Bivalvia; Cumac, Cumacea; Harpa, Harpacticoida; Insec, Insecta; Manay, Manayunkia aestaurina;
Nemat, Nematoda; Oligo, Oligochaeta; Ostra, Ostracoda; Polyc, Polychaeta Other (other than Manay); Tanai, Tanaidacea; InFltE, Inner Flats East;
InFltW, Inner Flats West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh, Restored Marsh; RstrRfg, Restored Refuge.
FIGURE 6

Non-metric multidimensional scaling (NMDS) ordinations of invertebrate community similarity among site-years (A–C) or among site position-by-
year combinations where site position indicates the position of the site along a tidal channel (North=close to the dike line, South=far from the dike
line, Middle= between North and South) (D). (A–C) Ordinations are based on matrixes of resemblances among site-years; lines are color- and type-
coded by site and connect years, and site names are indicated in the legend. (D) The ordination is based on a matrix of distances among centroids
of site position-by-year combinations; lines are color coded by site position and connect years.
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3.2.3 Diversity, abundance, biomass, body size,
and feeding guilds

The Restored Refuge had the lowest mean diversity of

invertebrates (averaged over years) among habitats but the greatest

increase in diversity between 2009 and 2012 (Figure 8F). The Outer

Flats had the highest mean diversity (Figure 8C). The Restored

Refuge also had the lowest mean total density of invertebrates

(summed over taxa) among habitats and the greatest increase in

total density across years (Figure 8L). Density in the Restored Refuge

increased 15-fold, from 2,500 m-2 in 2009 to 36,900 m-2 in 2012. The

density increase in the Restored Refuge was greater between 2011 and

2012 than between 2009 and 2010 or 2010 and 2011, reflecting

exponential growth by many of the driver taxa that contributed to

total density (Supplementary Figure S3). The Restored Marsh had the

highest mean total density (243,000 m-2; Figure 8K); Inner Flats East

was a close second (229,000 m-2; Figure 8G).

Inner Flats East and the Restored Marsh had the two lowest

mean invertebrate body weights among habitats (Figures 8S, W),

and the Outer Flats had the highest (Figure 8U). This resulted in
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biomass ranking differently among habitats than did density: mean

biomass was highest in the Outer Flats (23.1 g m-2; Figure 8O) but

was third highest in Inner Flats East (8.1 g m-2; Figure 8M) and

fourth highest in the Restored Marsh (5.9 g m-2; Figure 8Q). Median

body weight was 22 times greater for Outer Flats annelids than for

Inner Flats East annelids (Supplementary Table S8). Because

annelid species composition differed markedly between the Outer

Flats and Inner Flats East, the body weight difference owed to larger

bodied species inhabiting the Outer Flats. Body weights were also

greater for Outer Flats than for Inner Flats East Arthropoda,

Mollusca, and Other invertebrates but the differences were

less extreme.

Like for diversity and density, the Restored Refuge had the

lowest mean biomass among habitats but the greatest increase in

biomass across years (Figure 8R). Biomass in the Restored Refuge

increased from 0.4 g m-2 in 2009 to 4.2 g m-2 in 2012, a 12-fold

increase. Despite the large increases in biomass and density in the

Restored Refuge, neither reached equivalency with the Restored

Marsh or Reference Marsh by 2012. Biomass in the Restored Refuge
FIGURE 7

Mean invertebrate density by driver taxon (A–K), habitat, and year. Log scales are shown on the y-axes. Note that 100 was added to each mean
density before plotting, so density = 100 means that original density = 0. Manayunkia, Manayunkia aestaurina; Polychaeta, Polychaeta Other (other
than Manayunkia); InFltE, Inner Flats East; InFltW, Inner Flats West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh, Restored Marsh; RstrRfg,
Restored Refuge.
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in 2012 was roughly 75% of that in the Reference Marsh and 50% of

that in the Restored Marsh (Figure 8P–R). Density in the Restored

Refuge in 2012 was roughly 70% of that in the Reference Marsh and

25% of that in the Restored Marsh (Figures 8J–L). Unlike biomass

and density, diversity in the Restored Refuge did reach equivalency

with the Reference Marsh and Restored Marsh by 2012

(Figures 8D–F).

Resolution of invertebrate identifications in the original Tidal

Flats dataset was high enough (142 unique taxa of which 105 were
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identified to species, 17 to genera, and 20 to broader taxonomic

levels) to conduct an analysis of species richness. Further, based on

the 33 taxa in the mergedMarsh and Tidal Flats dataset, community

structure and Simpson diversity were similar among years within

each Tidal Flats habitat (Table 2; Figures 8A–C). We therefore used

the original Tidal Flats data pooled over years to compare species

richness among Tidal Flats habitats. The Outer Flats had the

highest, Inner Flats East the lowest, and Inner Flats West an

intermediate number of species overall (Figure 9A) and within
FIGURE 8

Box plots of invertebrate diversity (A–F), density (G–L), biomass (M-R), and body weight (S–X) by habitat and year. Biomass and body weights are dry
weights. Boxes show upper and lower quartiles and medians; whiskers and outliers are not shown. Solid red lines: habitat mean (i.e., averaged over
years); means without a red letter in common differ (P < 0.05). Dashed blue lines: slope of the relation between the invertebrate metric and year;
slopes without a blue letter in common differ (P < 0.05). Black numbers over or under boxes indicate sample size (number of sites). InFltE, Inner Flats
East; InFltW, Inner Flats West; OutFlt, Outer Flats; RefMrsh, Reference Marsh; RstrMrsh, Restored Marsh; RstrRfg, Restored Refuge.
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Amphipoda (Figure 9B), Bivalvia (Figure 9C), and Polychaeta

(Figure 9D), the three most speciose taxonomic groups.

High resolution of Tidal Flats identifications also allowed

classification of species into feeding guilds. As for species

richness, we pooled data over years. The guilds were

(1) suspensivores, which feed exclusively from the water column;

(2) surface deposit feeders, which collect and ingest particles from

the sediment surface; (3) subsurface deposit feeders, which feed

head-down in the sediments, ingesting particles from below the

sediment surface; (4) herbivores, which feed exclusively on

microalgae and macroalgae; (5) planktivorous carnivores, which

feed on zooplankton; (6) benthic carnivores, which feed on

meiofauna or macrofauna; (7) macro-omnivores, which feed on

large particulate matter in a raptorial fashion; (8) facultative

detritivores, which may feed as suspensivores, surface deposit

feeders, or subsurface deposit feeders; and (9) facultative

carnivores, which may feed as predators or scavengers on

macrofauna or meiofauna, or as deposit feeders (Macdonald

et al., 2012).

The percentage of total species in each feeding guild was

remarkably similar among Flats habitats (Figure 10A). In all three

habitats, the highest percentage of species occurred in the facultative

detritivore guild and the next highest in the benthic carnivore guild.

In all three habitats, the percentages of species in the facultative

carnivore, subsurface deposit feeder, surface deposit feeder, and

suspensivore guilds were moderate. Of the three guilds with the

lowest percentages of species (herbivores, macro-omnivores, and

planktivorous carnivores), the Outer Flats included all three, Inner

Flats West lacked macro-omnivores, and Inner Flats East lacked

macro-omnivores and herbivores. Because many more species

occurred on the Outer Flats than in either Inner Flats habitat
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(Figure 9A), similarity among habitats in the percentage of total

species in each guild meant that there were more species in each

guild on the Outer than Inner Flats.

In terms of density of individuals, feeding guild composition

differed more among habitats (Figure 10B). Inner Flats East was

composed almost entirely of facultative detritivores and subsurface

deposit feeders, Inner Flats West had moderate densities of surface

deposit feeders in addition to high densities of facultative

detritivores and subsurface deposit feeders, and the Outer Flats

had moderate to high densities of facultative detritivores, benthic

carnivores, and facultative carnivores but less surface and

subsurface deposit feeders compared to the Flats.

Comparing feeding guild composition among driver taxa is of

interest. Figure 10C shows guild composition for abundant driver

taxa that included multiple guilds. Guild classifications for other

non-insect driver taxa were: Harpacticoida: facultative

detritivores; Manayunkia: facultative detritivores; Nematoda:

facultative carnivores; Oligochaeta: subsurface deposit feeders;

and Ostracoda: almost all benthic carnivores. Facultative

detritivores accounted for the majority of individuals in

Amphipoda, Bivalvia, Polychaeta Other (polychaetes other than

Manayunkia), Harpacticoida, Manayunkia, and Tanaidacea.

Polychaeta Other and Oligochaeta were the only driver taxa that

included subsurface deposit feeders. Facultative carnivores

accounted for moderate numbers of Amphipoda and Polychaeta

Other and all nematodes but were absent or scarce for other driver

taxa. Only Bivalvia included suspensivores. Cumaceans were

either benthic carnivores or surface deposit feeders. Tanaids

included some surface deposit feeders. On the Tidal Flats,

insects ranked last in abundance among driver taxa, and feeding

guild classifications were not provided for insects by Macdonald
FIGURE 9

Species accumulation curves by Tidal Flats habitat for all species combined (A) and within Amphipoda (B), Bivalvia (C), and Polychaeta (D). InFltE,
Inner Flats East; InFltW, Inner Flats West; OutFlt, Outer Flats.
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et al. (2010). We classified all insects (larval Anthomyiidae,

Ceratopogonidae , Dolichopodidae , and Ephydridae) as

facultative detritivores.

Also of interest are guild affiliations of the dominant species

mentioned above (under 3.3.2 Driver Taxa). For Polychaeta Other,

Pygospio elegans, Rhynchospio glutaea, and Streblospio benedicti

were the most abundant facultative detritovores, and Capitella

capitata was the most abundant subsurface deposit feeder.

Corophiids were the most abundant facultative detritovores in

Amphipoda. Kurtiella tumida was the most abundant facultative

detritovore in Bivalvia. For cumaceans, all benthic carnivores were

Cumella vulgaris and most surface deposit feeders were

Nippoleucon hinumensis. For tanaids, all facultative detritivores

were Chondrochelia savignyi and all surface deposit feeders were

Sinelobus stanfordi.
Frontiers in Ecology and Evolution 14
Community change in the Restored Refuge was less at sites

farthest from the dike line than at sites closer to it (Figure 6D)

because total density of the seven taxa that colonized the Restored

Refuge after dike removal tended to increase more slowly at the

farthest sites (true for all channels except Unit 3; Supplementary

Figure S4). Elevation differed between sites farthest from the dike

line and sites closest to it, as did dissolved oxygen, salinity, and

temperature after dike removal (Supplementary Table S4),

environmental gradients which may have contributed to less

community change and slower, less complete colonization at the

farthest sites.

The community changed circularly at the three southwest-most

Inner Flats West sites (F1, F2, and F3; Figure 6A) because species

richness and (or) total density decreased in 2010 but then

rebounded in 2011-2012 (Supplementary Figure S5; pattern most
FIGURE 10

Feeding guild composition. (A) Percentage of species in each guild by Tidal Flats habitat. (B) Mean density of individuals in each guild by Tidal Flats
habitat. (C) For the five most abundant driver taxa including >1 guild, mean density of individuals in each guild across all Tidal Flats habitats. See text
for description of guild membership criteria. InFltE, Inner Flats East; InFltW, Inner Flats West; OutFlt, Outer Flats. Polychaeta O, Polychaeta Other
(other than Manayunkia aestaurina).
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pronounced for F2). Mean body size also decreased in 2010 but then

rebounded. The decrease in species richness, density, and body size

in 2010 may have been related to sediment coarsening and

decreased TOC (Supplementary Figure S5; grain size change most

pronounced at F2).
3.3 Associations between invertebrates and
the environment

3.3.1 Invertebrate community associations with
the environment

The predictor Site explained a large portion of invertebrate

community variation when it was included in dbRDA models

(delta R2 = 39-57%; Table 3) indicating large effects of spatial

differences among sites. Elevation, which varied spatially but not

interannually because it was derived from the 2011 DEM,

explained 22% of community variation alone and 11% in a two-

predictor model (model All-Elev; Table 3) for the Tidal Flats

dataset but was not significant for the Marsh dataset. Sediment

and water quality predictors sometimes explained significant but

small amounts of community variation alone (R2 = 4-13%) or in

multi-predictor models (delta R2 = 2-8%). In models with Site

included, variation explained by sediment and water quality

predictors was primarily temporal (i.e., across years) rather

than spatial.

For Marsh samples with sediment and water quality variables

measured (N=48), OM, pH, percent sand, and percent clay were

significant alone, and multi-predictor models retained OM, pH, and

percent sand as significant (single predictor models column 1;

multi-predictor models All-Elev and All-Site; Table 3). Decreases

in OM and pH and increases in percent sand were associated with

community change across years (Supplementary Figure S6A).

For 20 additional Marsh samples, only water quality variables

were measured (Table 3). In models fit to water quality data using

the larger set of samples (N=68), salinity was significant alone and

was the only predictor retained, other than Site, in multi-predictor

models (Wat-Elev and Wat-Site; Table 3). This was not simply a

matter of increased statistical power; R2 is insensitive to sample size

and for Salinity it more than doubled between the small and larger

set of samples. Salinity change (increase or decrease depending on

site) was associated with community change across years

(Supplementary Figure S6B). For 6 additional samples, only

sediment variables were measured, but using the larger set of

sediment samples (N=54) did not change results.

Percent sand, percent clay, and TOC, as well as elevation, alone

explained significant variation in the Tidal Flats community

(Table 3). Only Elevation was retained as significant when multi-

predictor models with Site excluded were fit. TOC became nearly

significant (P = 0.053) in the model with Site included, although

TOC still explained little community variation (delta R2 = 1.6%).

TOC decreases (and concomitant sediment coarsening;

Supplementary Figure S1), were associated with community

change across years , part icularly at si tes F2 and F3

(Supplementary Figure S6C).
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In 2012, all Marsh and Tidal Flats sites were sampled for

sediment grain size composition, allowing an assessment of its

effects on delta-wide spatial variation that year. Elevation and

percentages of sand and clay were each significant alone and all

three were retained in a multi-predictor model (Table 3;

Supplementary Figure S6D).

3.3.2 Driver taxon associations with
the environment

Manayunkia and Oligochaeta were associated with

environmental variables similarly to each other: both were more

abundant at high elevations with fine sediment (low percent sand,

high percent clay); low OM and high pH on the Marsh; and high

TOC on the Tidal Flats (Tables 4, 5). Amphipoda and Cumacea

were also associated with environmental variables similarly to each

other but were most abundant at low elevations, coarse sediment,

low pH, and low TOC. Bivalve abundance increased as conditions

changed from onshore to offshore, being highest at low elevations

with coarse sediment; high salinity and low temperature on the

Marsh; and low TOC on the Tidal Flats. In contrast, insects were

more abundant at high elevations with fine sediment; high OM on

the Marsh; and high TOC on the Tidal Flats. Differences in tanaid

associations between the Marsh and Tidal Flats reflected dominant

species differences. Marsh tanaids (mostly Sinelobus stanfordi) were

more abundant at high elevation, low OM, high pH, and high

temperature, whereas Tidal Flats tanaids (mostly Chondrochelia

savignyi) were negatively correlated with elevation. Associations

between driver taxa and environmental variables are also suggested

by the position of driver taxa on the dbRDA plots (Supplementary

Figures S6A–D).

3.3.3 Diversity, abundance, biomass, and body
size associations with the environment

In the Marsh, total invertebrate density was negatively related to

OM and positively to percent sand (Table 4). The effect of OM was

primarily spatial, being driven by lower OM (Figures 4A–C) and

higher total density at Restored Marsh and Reference Marsh sites

than at Restored Refuge sites (Figures 8J–L), although OM

decreased and density increased across years at sites U4S and U1S

(Supplementary Figure S7, top). In contrast, the effect of percent

sand had a stronger temporal component: percent sand and total

density both increased across years at several Restored Refuge sites

(Supplementary Figure S7, bottom). Biomass and body weight were

less strongly related to sediment predictors than density, and

neither density, biomass, nor body weight were strongly related to

any water predictors (Table 4). Simpson diversity was unrelated to

any sediment or water predictors in the Marsh.

Relations between invertebrate population metrics and the

environment were different on the Tidal Flats compared to the

Marsh. Total density in the Tidal Flats was related positively to

elevation and percent clay and negatively to percent sand (Table 5).

Body weight and Simpson diversity were strongly related to all

predictors in a manner opposite to that for the Marsh: in the Tidal

Flats both were negatively related to elevation, percent clay, and

TOC, and positively to percent sand.
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4 Discussion

We evaluated the response of benthic macroinvertebrates to

an extensive dike removal that restored tidal inundation to

historical salt marsh and reconnected the newly restored area
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with previously restored marsh, undisturbed marsh, and tidal flats

in a large, Pacific Northwest river delta. We also characterized

how the invertebrate community varied along an onshore-to-

offshore gradient extending from emergent marsh to the

delta front.
TABLE 3 Distance-based Redundancy Analysis models relating the invertebrate community to environmental predictors.

Dataset Predictor

Single predictor models Multiple predictor model

All Wat Sed
All-
Elev

All-
Site

Wat-
Elev

Wat-
Site

Sed-
Elev

Sed-
Site

Marsh Elevation 2.4 2.4 2.5 NA NA NA

Site NA NA NA NA 39.9. NA 38.6** NA 41.2*

Organic matter 4.8* NA 5.3** 5.7** 4.0* NA NA 5.4** 3.0.

pH 7.4*** NA 7.0*** 8.4** 6.0** NA NA 6.9*** 5.1**

Percent sand 6.3** NA 4.3* 6.4** 4.2* NA NA 4.1*

Percent clay 6.7** NA 5.3** NA NA

Dissolved Oxygen 1.3 2.4 NA NA NA

Salinity 1.6 4.2** NA 4.2** 4.6** NA NA

Temperature 2.7 1.4 NA NA NA

N sites 21 21 21 21 20 21 21 21 21

N site-years 48 68 54 48 47 68 68 54 54

All included: R2 20.0 59.1 4.2 42.9 16.6 53.8

All included: R2
adj 14.1 21.6 2.8 16.8 11.6 21.0

Flats Elevation 21.9*** 11.5*** NA

Site NA NA 57.0***

Percent sand 12.5***

Percent clay 11.7***

Total organic carbon 11.9*** 1.5a 1.6.

N sites 22 22 22

N site-years 62 62 62

All included: R2 23.4 68.9

All included: R2
adj 20.8 51.3

Both, 2012 Elevation 9.5*** 6.9**

Percent sand 5.5* 9.2***

Percent clay 5.2* 3.8.

N sites 43 43

All included: R2 19.5

All included: R2
adj 13.4
fro
Table entries are R2 (single predictor models) or delta R2 (single predictors in multiple predictor model). *** = P<0.001; ** = P<0.01; * = P<0.05; . = P<0.1. Empty cells indicate predictors that were
not included in the final (best fitting) multiple predictor model. NA indicates that the predictor was excluded a priori (see text). “All” in column heading: Analyses were conducted with samples
for which all environmental variables were measured. “Wat” in column heading: Analyses were conducted with samples for which only water variables were measured (applies only to Marsh
samples). “Sed” in column heading: Analyses were conducted with samples for which only sediment variables were measured (applies only to Marsh samples). “Elev” included in multiple
predictor model column heading: Elevation included, Site excluded. “Site” included in multiple predictor model column heading: Site included, Elevation excluded.
aTotal organic carbon was not significant in the multiple predictor All-Elev model (P = 0.33) but was the second most important predictor after Elevation.
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4.1 Response to dike removal

In the recently restored marsh (i.e., the Restored Refuge;

Figure 1), diversity increased year-over-year, abundance increased

15-fold, and biomass increased 12-fold from before to three years

after dike removal. Several key taxa (Amphipoda, Cumacea,

Harpacticoida, Manayunkia, Nematoda, Polychaeta Other, and

Tanaidacea) that were absent initially started colonizing in 2010,

the year after dike removal, and most reached their highest

abundance in 2012 when our study ended. By 2012, invertebrate

density and biomass in the Restored Refuge were approaching

density and biomass in undisturbed (Reference Marsh) and

previously restored salt marsh (Restored Marsh), and invertebrate

diversity in the Restored Refuge had achieved equivalency with that

in the Reference Marsh and Restored Marsh.

Our results show that species composition recovered more

quickly than species abundances. All major marine taxa

immediately became established, and species composition, as

measured by multivariate community similarity which is sensitive

to species composition (Clarke et al., 2014), changed the most one

year after dike removal and then more gradually in later years. In

contrast, recovery of abundances took longer as evidenced by

exponential growth in population sizes of many species through

2012. With respect to status of recovery by 2012, species

composition was fully recovered (diversity and community

structure similar between the Restored Refuge and pre-existing
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marsh), but density in the Restored Refuge was still increasing

exponentially and had not yet reached levels found in pre-existing

marsh (Reference Marsh and Restored Marsh). Our study ended

before we could tell whether abundance in the Restored Refuge

would fall short of reaching abundance in pre-existing marsh,

eventually reach it and then level off, or continue to increase and

overshoot it. In a meta-analysis, Moreno-Mateos et al. (2012) found

that macroinvertebrate density in restored wetlands quickly

increased to 80% of that in reference wetlands but never reached

100% even after 20 years. With respect to speed of recovery,

complete recovery of species composition and considerable

progress towards recovery of abundance (25-70% of density and

50-75% of biomass in pre-existing marsh) in three years is in line

with results of other studies (Simenstad and Thom, 1996; Levin and

Talley, 2002; Moreno-Mateos et al., 2012) and faster than for other

ecosystem components like plants (Simenstad and Thom, 1996;

Moreno-Mateos et al., 2012; Powers and Boyer, 2014).

What environmental changes promoted quick restoration of

benthic invertebrates after dike removal? Clearly, restoring tidal

inundation permitted access to the Restored Refuge by key taxa.

These taxa likely require tidal exchange and connectivity with the

larger estuary to maintain their populations. Nevertheless, sediment

coarsening, decreased organic matter, and increased salinity after dike

removal may have aided invertebrate establishment because many

taxa were positively associated with sediment coarsening and salinity,

and negatively associated with organic matter (Table 4). Interestingly,
TABLE 4 Spearman rank correlations between predictors and driver taxon densities; total invertebrate density, biomass, and body weight; and
Simpson diversity in the Marsh.

Taxon, total, Simpson

Predictor

Marsh, sediment (n=54) Marsh, water (n=68)

Elev OM pH Sand Clay Elev DO Sal Temp

Amphi -0.120 -0.276* -0.180 0.186 -0.240. -0.098 -0.034 0.128 0.069

Bival -0.280* -0.016 -0.193 0.246. -0.123 -0.398*** -0.104 0.252* -0.322**

Cumac -0.229. 0.038 -0.287* 0.149 -0.088 -0.159 -0.108 -0.216. -0.209.

Harpa -0.096 -0.313* -0.183 0.374** -0.313* -0.013 0.209. 0.115 -0.026

Insec 0.285* 0.289* 0.232. -0.031 0.299* 0.227. -0.003 -0.182 0.109

Manay 0.260. -0.263. 0.433** -0.089 0.131 0.170 0.096 0.058 0.129

Nemat 0.206 -0.065 0.042 0.385** 0.034 0.235. 0.115 0.098 -0.002

Oligo 0.187 -0.165 0.379** -0.029 0.174 0.253* 0.016 -0.203. 0.082

Ostra 0.196 -0.205 -0.010 0.056 0.053 0.266* -0.021 -0.264* 0.173

Polyc -0.025 0.126 -0.016 0.204 -0.006 0.025 0.061 0.060 -0.031

Tanai 0.495*** -0.467*** 0.276* -0.010 -0.078 0.422*** 0.168 -0.025 0.368**

Total density 0.154 -0.415** 0.250. 0.290* 0.005 0.173 0.089 -0.024 0.207.

Biomass 0.021 -0.329* 0.124 0.168 0.123 0.049 -0.166 0.003 0.096

Body weight -0.113 0.280* -0.166 -0.186 0.126 -0.099 -0.249* 0.082 -0.074

Simpson diversity 0.004 0.121 -0.162 -0.138 0.073 0.068 -0.093 -0.047 -0.094
fro
Predictors are grouped by type (sediment or water). Sample sizes (number of site-years) are given in parentheses for each predictor type. *** = P<0.001; ** = P<0.01; * = P<0.05; . = P<0.1. Amphi,
Amphipoda; Bival, Bivalvia; Cumac, Cumacea; Harpa, Harpacticoida; Insec, Insecta; Manay,Manayunkia aestaurina; Nemat, Nematoda; Oligo, Oligochaeta; Ostra, Ostracoda; Polyc, Polychaeta
Other (other than Manay); Tanai, Tanaidacea. Clay, percent clay; DO, dissolved oxygen; Elev, bed elevation; OM, percent organic matter; Sal, salinity; Sand, percent sand; Temp, temperature.
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sediment fining and decreased salinity resulted in decreased

abundance for some taxa in a different Salish Sea estuary (Foley

et al., 2017). Following removal of dams from the Elwha River, bed

elevation of the estuary increased due to sediment deposition,

deposited material was mainly silt, salinity changed from oligohaline

(0.5-5 ppt) to freshwater, and amphipods nearly disappeared.

Environmental gradients may also have influenced invertebrate

colonization along tidal channels. Colonization was slower and less

complete at the distal (south) end of channels in the Restored Refuge,

probably at least in part due to higher elevation (i.e., lower inundation

frequency), lower salinity, and higher temperature (Supplementary

Table S4). Water quality loggers deployed in 2010-2014 showed that

temperatures were higher and more variable, and salinities lower, at

the landward end of tidal channels compared to those closer to the

dike line (Ellings et al., 2016).

Environmental changes in the Restored Refuge were smaller

between 2010 and 2012 than from before to immediately after dike

removal (Figures 3F, 4C, I, J) and may have been too small to

account for the rapid abundance increases exhibited by most taxa

from 2010 to 2012. Alternatively, the increases could have been due

to interannual differences in delivery of larvae or other life stages

from offshore, or recruitment success of local adults once they

became established. Some of the marine taxa recruited from

planktonic larvae (bivalves, harpacticoids, ostracods, polychaetes)

whereas progeny of others developed directly into benthic life stages

without a planktonic stage (amphipods, cumaceans, tanaiids)
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(Ruppert et al., 2004). All taxa had short generation times (¾1 yr)

and therefore were capable of increasing their populations quickly.

Dipteran larvae and pupae were responsible for the increase in

insect abundance in the Restored Refuge in 2012 (Figure 7E).

Dipterans are tolerant of disturbance and able to quickly colonize

mudflats and floating Ulva algae (Woo et al., 2018).

Diversity, abundance, and body size of benthic invertebrates

decreased one year after dike removal in tidal channels just offshore

from the Restored Refuge concurrently with sediment coarsening

and TOC decreases (Supplementary Figure S5). These sediment

changes may represent fine sediment erosion resulting from

unimpeded tidal exchange. Channels deepened in the Restored

Refuge after dike removal (Ellings et al., 2016; Grossman et al.,

2022) and the elevation of the marsh plain increased (Grossman

et al., 2022; Davis et al., 2024) suggesting that fine sediment (mud)

was eroded from channels and deposited on the marsh plain,

leaving coarser sediment (sand) behind in the channels. However,

deposition of sediment including sand in the channels immediately

seaward of the dike line is also consistent with redistributed

sediment largely sourced from within the restored area

(Grossman et al., 2022). But whether sediment coarsening was

caused by erosion or deposition, either can reduce benthic

invertebrate populations (Thrush et al., 2004). Invertebrates

rebounded by 2012, even though sediment characteristics mostly

remained unchanged after 2010 (Supplementary Figure S5),

suggesting invertebrate resilience to this level of disturbance.
TABLE 5 Spearman rank correlations between predictors and driver taxon densities; total invertebrate density, biomass, and body weight; and
Simpson diversity in the Tidal Flats, and for both the Marsh and Tidal Flats in 2012.

Taxon, total, Simpson

Predictor

Flats, sediment (n=62) Marsh and Flats 2012, sediment (n=43)

Elev Sand Clay TOC Elev Sand Clay

Amphi -0.440*** 0.257* -0.266* -0.359** -0.176 0.147 -0.063

Bival -0.699*** 0.533*** -0.503*** -0.466*** -0.584*** 0.488*** -0.486***

Cumac -0.450*** 0.280* -0.308* -0.384** -0.456** 0.276. -0.335*

Harpa 0.149 0.046 0.007 -0.095 0.240 0.074 0.068

Insec 0.394** -0.360** 0.419*** 0.430*** 0.596*** -0.297. 0.512***

Manay 0.799*** -0.631*** 0.592*** 0.532*** 0.509*** -0.523*** 0.392**

Nemat -0.223. 0.187 -0.162 -0.140 0.154 0.044 0.256.

Oligo 0.665*** -0.484*** 0.488*** 0.405** 0.057 -0.107 0.042

Ostra 0.083 -0.006 0.062 0.111 0.056 0.090 -0.047

Polyc 0.318* -0.322* 0.253* 0.139 -0.158 -0.024 -0.121

Tanai -0.350** 0.106 -0.074 -0.018 0.016 0.065 -0.091

Total density 0.253* -0.285* 0.287* 0.130 0.170 -0.007 0.072

Biomass -0.291* 0.141 -0.154 -0.183 -0.442** 0.331* -0.378*

Body weight -0.596*** 0.481*** -0.489*** -0.368** -0.595*** 0.396** -0.474**

Simpson diversity -0.413*** 0.459*** -0.506*** -0.368** -0.373* 0.201 -0.210
Sediment predictors are grouped by dataset (Tidal Flats only, or both Marsh and tidal Flats in 2012). Sample sizes (number of site-years) are given in parentheses for each predictor dataset. *** =
P<0.001; ** = P<0.01; * = P<0.05; . = P<0.1. Amphi, Amphipoda; Bival, Bivalvia; Cumac, Cumacea; Harpa, Harpacticoida; Insec, Insecta; Manay, Manayunkia aestaurina; Nemat, Nematoda;
Oligo, Oligochaeta; Ostra, Ostracoda; Polyc, Polychaeta Other (other than Manay); Tanai, Tanaidacea. Clay, percent clay; Elev, bed elevation; Sand, percent sand; TOC, total organic carbon.
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In the Restored Refuge, increased abundance overall (summed

over taxa) and for some individual taxa was associated with

sediment coarsening (Table 4; Supplementary Figure S6), a

finding seemingly at odds with the inverse relationship between

abundance and sediment coarsening just offshore from the dike

line. Extreme substrate change offshore could have contributed to

this discrepancy. For example, at the offshore site experiencing the

greatest invertebrate decline (F2), sand substrate increased from

60% in 2009 to nearly 100% in 2010. Pre-restoration invertebrate

population status may also have contributed. Before dike removal,

invertebrates were abundant offshore but there were few

invertebrates available to be impacted onshore.

Invertebrate communities changed not only in the Restored

Refuge but also in the Restored and Reference marshes (Table 2;

Figures 6B, C). Restored and Reference Marsh communities became

increasingly similar to the Restored Refuge community through

2012 (Table 1; Figures 5A–D), at least in part because amphipods

and harpacticoids increased in all three habitats (Figures 7A, D).

This convergence may have been due to increased connectivity

amongMarsh habitats following dike removal. Invertebrate samples

collected for a different study from a variety of habitats in the

Nisqually Estuary (riverine, marsh, delta flats) after dike removal

each had stable isotope signatures reflecting nourishment from

primary producers originating in multiple habitats, which in turn

suggests movement by invertebrates and (or) dispersal of primary

production, likely in the form of detritus, throughout the estuarine

habitat mosaic (Woo et al., 2021). Our study found that populations

of amphipods and harpacticoids grew exponentially in the Restored

Refuge after establishment in 2010. It may be that reconnection of

marshlands through dike removal facilitated population increases

for these taxa in all three of the Marsh habitats we studied. Salinity

decreases in the Restored and Reference marshes (Figures 4J, K)

may have been due to beaver dam construction altering freshwater

flow patterns east of the mainstem Nisqually River (Christopher

Ellings, Nisqually Indian Tribe, oral communication October 30,

2023) rather than to dike removal, but salinity decreases in the

Restored and Reference marshes ran counter to salinity increases in

the Restored Refuge and were therefore unlikely to have driven

invertebrate community convergence.

Invertebrate communities on the Tidal Flats did not change after

dike removal (Table 2), except just offshore from the dike line where

invertebrates initially declined in response to sediment coarsening

and decreasing organic carbon but then rebounded. Lack of change is

consistent with little change in environmental conditions on the Tidal

Flats (Figures 3, 4). Restored connectivity did not boost Tidal Flats

amphipod or harpacticoid densities (Figure 7A, D), possibly due to

habitat differences between the Tidal Flats and Marsh, or greater

distance from the Restored Refuge.
4.2 Delta-wide onshore-offshore gradient

We documented a delta-wide onshore-to-offshore spatial

gradient in invertebrate communities. Near the delta front (Outer

Flats), a diverse assemblage of crustaceans, polychaetes, and

bivalves was present (Figures 7, 9), and invertebrate biomass,
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body size, and diversity were higher than elsewhere on the delta

but abundance (density) was only moderate (Figure 8). In contrast,

farther inshore on the tidal flats (Inner Flats East), a few species of

polychaetes were dominant, and invertebrate abundance was high

but body size and diversity were low and biomass was moderate.

The Restored and Reference marshes also had high invertebrate

abundance but low body size and diversity. Corrophiid amphipods,

the cumacean Nippoleucon hinumensis, harpacticoids, insects,

nematodes, ostracods, and the tanaiid Sinelobus stanfordi were

dominant on the Marsh along with Manayunkia, the most

abundant polychaete on the Inner Flats East.

These differences between onshore and offshore invertebrate

communities were associated with and likely owed at least in part to

environmental differences. Bed elevation decreased onshore to

offshore, resulting in less frequent emersion at offshore sites.

Although we did not measure temperature and salinity at Tidal

Flats sites, they were measured for another study (Hodgson et al.,

2016) at six nearby sites (spatial extent roughly congruent to our

Tidal Flats sites) during the same time of year (late July-August) and

in the same years (2010-2012) as our study was conducted. Mean

(SD, N) temperature and salinity near the bottom were 14.2 C (1.1

C, 41) and 26.9 ppt (2.1 ppt), respectively, not spatially specific

enough to differentiate among Tidal Flats habitats but

demonstrating lower mean temperature and higher mean salinity

than in the Marsh (Figures 4J–L, M–O). Lower temperatures and

higher salinities during summer were consistent with greater

influence of marine water which would also have had relatively

constant temperatures and salinities. Less frequent emersion, lower

temperatures, higher salinities, and less variable temperatures and

salinities were likely tolerable to a greater number of species

including those not adapted to more extreme estuarine

conditions, thus allowing greater species richness near the delta

front (Hirst, 2004; Dethier and Schoch, 2005; Dethier et al., 2010).

Sediment grain size and organic content varied onshore-to-

offshore, along with elevation and salinity. Despite this covariation,

sediment characteristics likely independently influenced the

invertebrate community. Mannino and Montagna (1997) sampled

three sediment types in each of four salinity regions and found the

highest diversity in the coarsest sediment type, very fine sand (mean =

0.07 mm), with no interactive effect of salinity. Ysebaert et al. (2003)

sampled across estuary-wide gradients of grain size, salinity, depth,

and current speed, and although grain size effects could not be

completely separated from effects of the other variables, the highest

species richness was found in fine-very fine sand (mean = 0.11-0.13

mm) which was not the coarsest sediment sampled. Likewise, Currie

and Small (2005) sampled estuary-wide and found a unimodal

relationship between richness and grain size: highest at 25-75% silt,

lower at <25% and >75% silt. Thus, grain size appears to have some

effects on diversity and richness independent of salinity and other

estuarine gradients, and very fine sand may be a diversity hot spot.

Grain sizes coarser than fine sand often support lower diversity

because they tend to be associated with faster tidal currents and (or)

higher wave energy, making them more mobile and less suitable for

many species (Ysebaert et al., 2003; van der Wal et al., 2017).

In our study, there was a relatively sharp difference in grain

size and organics between the Outer Flats and all shoreward
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habitats, with the Outer Flats having coarser sediment (very fine

sand, mean = 0.12 mm) and lower organic carbon content (0.3%

total organic carbon). Using Inner Flats East (silt, mean = 0.04

mm; 0.9% total organic carbon) as an example of inshore habitats,

differences from the Outer Flats in invertebrate abundance,

diversity, and feeding guild composition were consistent with

sediment differences. Deposits of organically rich, fine sediments

in inner estuaries may allow abundance of a few, deposit feeding

species to exceed abundance of a more tropically diverse

assemblage found farther down-estuary in coarser sediments

with lower organic content (Giberto et al., 2004; Dethier et al.,

2010). Our data mostly fit this scenario. At Inner Flats East sites,

oligochaetes plus four polychaete species accounted for 96% of

individuals and they were all facultative detritivores or subsurface

deposit feeders, whereas at Outer Flats sites diversity and species

richness were much higher (Figures 8–10). The Outer Flats had far

fewer subsurface deposit feeders and many more benthic and

facultative carnivores compared to Inner Flats East (Figure 10B),

which supports less dependence on sediment-associated organics

on the Outer Flats. More carnivores on the Outer Flats likely owed

in part to coarser sediments with more interstitial spaces to

accommodate the most abundant facultative carnivore,

nematodes which are meiofauna and eat bacteria, and the most

abundant benthic carnivore, the cumacean Cumella vulgaris

which eats meiofauna. Both the Outer Flats and Inner Flats East

were dominated by facultative detritivores (Figure 10B), but

facultative detritovores can also filter feed and may have

practiced filter feeding more on the Outer Flats than Inner Flats

East. The dominant facultative detritovores were corophiid

amphipods on the Outer Flats and several polychaete species on

Inner Flats East, but it is unknown whether inclination to filter

feed versus collecting detritus from sediment differs between these

two types of invertebrates. Greater trophic diversity on the Outer

Flats than Inner Flats is not obvious from feeding guild

composition (Figure 10) but greater species richness is

(Figure 9). Trophic diversity may have been greater on the

Outer Flats if feeding guild classifications did not adequately

capture subtle trophic differences among species. Marsh

vegetation and eelgrass are both available sources of detritus on

the Nisqually Tidal Flats (Drexler et al., 2020), providing nutrition

to benthic invertebrates living there (Woo et al., 2021), and also

supporting deposit and suspension feeders in other Puget Sound

estuaries (Howe et al., 2017).

Most of the marine species that were dominant on the Marsh

and colonized the Restored Refuge after dike removal were either

facultative detritivores (corophiid amphipods, harpacticoids,

Manayunkia) or surface deposit feeders (the cumacean

Nippoleucon hinumensis, the tanaid Sinelobus stanfordi).

Chironomid larvae were the insect taxon showing the greatest

abundance increase in the Restored Refuge after dike removal,

where they colonized mudflats and mats of Ulva algae (Woo

et al., 2018) and probably fed on detritus and decaying plant

matter. Thus, it appears that detritus feeders were well adapted to

colonizing the restored area in the immediate aftermath of dike

removal. It is not clear to us why feeding guild composition was

more similar among habitats for percentage of species (Figure 10A)
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than for density of individuals (Figure 10B). For percentage of

species, Partridge et al. (2018) found high similarity in feeding guild

composition among 10 sites spread throughout Puget Sound.

Larger body size of invertebrates down-estuary compared to up-

estuary may also have owed to differences in sediment

characteristics. In soft sediment environments, there is a tendency

for invertebrates to be smaller-bodied in fine sediments (mud) with

high organics than in coarser sediments (sand) with lower organics

(Lenihan and Micheli, 2001). Organically poor sand is often

inhabited by large, deep-burrowing, filter-feeding clams (Lenihan

and Micheli, 2001), but crustaceans and annelids were much more

abundant than clams on the Outer Flats in our study and drove the

body size difference.

Species and their environments can have reciprocal

relationships that affect ecosystem function. Bioengineering by

tube-building polychaetes may have enhanced fine sediment

accumulation in the Inner Flats East. Pygospio elegans live in 1

mm diameter tubes and can reach 15 mm in length. In a Scottish

estuary they aggregated to form 1-1.5 m2 patches visible as areas of

smoothed, raised sediment, within which P. elegans reached

densities of 11,000 m-2 (Bolam and Fernandes, 2003). Sediment

mud fraction and organic content were higher inside than outside of

patches, suggesting that the patches enhanced accumulation of fine

sediment and organics by altering hydrodynamics or through other

means. It is unknown whether P. elegans aggregated at Inner Flats

East sites but their mean density there was 24,000 m-2, more than

twice that in the Scottish patches.Manayunkia aestuarina also build

tubes. They are much smaller than P. elegans, reaching lengths of 3

mm (Bell, 1982), and we do not know whether they aggregate or can

affect sediment conditions, but their mean density at Inner Flats

East sites was 224,000 m-2, nearly 10 times that of P. elegans.

It is worth reviewing and adding to the list of possible

explanations for higher diversity, and perhaps for greater biomass

and body size as well, on the Outer Flats compared to more inshore

habitats. Lower elevation meant less emersion time. More marine

influence meant higher salinity and less variable salinity and

temperature. Very fine sand appeared optimal, possibly because

(1) it is indicative of ideal current speeds, not fast enough to

mobilize (destabilize) sediments yet fast enough to deliver food to

filter feeders, oxygenate sediments, and prevent mud from

accumulating; (2) in mud, the oxic layer is thinner and toxic

reduced compounds like sulfides are closer to the sediment surface

which may be unsuitable for some species (Lenihan and Micheli,

2001); and (3) meiofauna are more abundant in sand, where they

provide prey for benthic carnivores like Cumella vulgaris, than in

mud (Burd, 2014). Finally, phytoplankton may have been more

available to filter feeders near the delta front than inshore (Howe

et al., 2017). Whatever the reasons, much greater species diversity,

and greater biomass and body size on the Outer Flats compared to

farther inshore were striking findings of our study. To give context,

biomass of Outer Flats macrovertebrates (23 g m-2 dry weight) is

roughly average among macroinvertebrate biomasses measured in

estuaries world-wide (Herman et al., 1999).

Onshore-to-offshore differences in dominant taxa were also

linked to environmental differences in some cases. The polychaete

Manayunkia was the most abundant invertebrate in the Marsh and
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Inner Flats East but was uncommon on the Outer Flats, probably

because of its specializations for mud habitation and feeding on fine

detrital particles (Bell, 1982). In contrast, the polychaete

Rhynchospio glutaea was the most abundant annelid on the Outer

Flats but was absent farther inshore, possibly because it was

intolerant of low salinities (Diaz-Jaramillo et al., 2008).
4.3 Study limitations

We sampled only during July-August. Woo et al. (2018)

sampled benthic invertebrates from sites within Marsh habitats

monthly from April to July and found that community structure did

not shift, but polychaete, oligochaete, and nematode densities

peaked in April and harpacticoids and dipteran larvae peaked in

May and June. Woo et al. (2019) sampled benthic invertebrates

from a variety of Nisqually Delta habitats monthly from March to

July and found that biomass in estuarine emergent marsh peaked in

July. Recruitment of benthic invertebrates to Puget Sound lower

intertidal beaches occurred year around but peaked during April-

October (Dethier, 2010). Assemblages of San Francisco Estuary

benthic invertebrates showed small shifts between wet and dry

seasons that were mostly restricted to the edges of salinity zones

(e.g., between oligohaline and mesohaline zones) (Thompson et al.,

2012), suggesting that salinity changes drove the assemblage shifts

(Little et al., 2017). Wet-to-dry season changes in salinity in the

Nisqually Marsh were moderate, with a 15 ppt range at most sites

and a maximum of 22 and minimum of 2 ppt across all sites (Ellings

et al., 2016). Predation by shorebirds can deplete benthic

invertebrates (Gabriel L et al., 2006), but shorebirds mostly

occupy the Nisqually Delta during fall-spring (Michel et al.,

2021). Taken together, these results suggest that sampling during

July-August probably captured much of the diversity and

abundance present in our study area.

We sampled only one core per site per year, and benthic

invertebrate distributions can be patchy. We were able to sample

a second core at five Inner Flats West sites (F1-F5) in 2010-2012,

and we used these cores to evaluate small-scale spatial variation in

community structure in comparison to variation among sites and

among years. Replicate cores were about 0.5 m apart. Mean (SD)

Brey-Curtis similarity was 59% (14%) between replicates, higher

and less variable than among sites within years [24% (16%)] or

among years within sites [44% (19%)]. Community change across

years differed among sites F1-F5 (Figure 6A), suggesting an

interactive effect of Site and Year. We used PERMANOVA to test

for this effect, which required replication within site-years as

provided by the replicate cores, and found it to be highly

significant (P<0.001). Thus, variation in community structure

between replicates was sufficiently low to allow detection of

differences among sites and years, providing context for our

reliance on one core per site per year.

Our cores were too small in surface area (4.7 or 10 cm diameter)

and depth (10 cm) to adequately sample large invertebrates or those

living deeper in the sediment. Neotrypaea californiensis (ghost

shrimp) were present in some Tidal Flats cores but were almost
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certainly under-sampled due to both their size and depth. Openings

to burrows likely made by them were numerous in some areas.

Because they are bioengineers that extensively modify sediments

(Pillay and Branch, 2011), any effects on them from restoration or

spatial differences across the delta may have been reflected in

changes to smaller, shallower invertebrates, in which case we may

have detected community changes but we would not have known

that their source was ghost shrimp changes.
4.4 Management implications

Substantial increases in the abundance, diversity, and biomass

of benthic invertebrates following tidal marsh restoration likely

enhanced the food supply for a variety of fish and wildlife species,

including several species of concern. Many of the invertebrates

experiencing increases, especially amphipods, harpacticoids, larval

insects, cumaceans, polychaetes, and tanaids, are important prey for

outmigrating juvenile salmon, particularly Chinook salmon

Oncorhynchus tshawytscha which spend more time in and depend

more on estuarine habitats than other salmonid species (Woo et al.,

2018; Davis et al., 2018a, Davis et al., 2018b, Davis et al., 2019; Woo

et al., 2019, 2021). Increased abundance of invertebrate prey in the

Marsh likely benefited other fish as well (Howe and Simenstad,

2011). Invertebrate communities on the Tidal Flats changed little

after dike removal; however, it is worth noting that tidal flats

invertebrates are an important food source for many fish and bird

species, especially shorebirds which have a limited amount of time

to feed in areas exposed only at low tide (Page et al., 1999).

Benthic macroinvertebrates contribute to nutrient cycling

indirectly by stimulating decomposition through bioturbation and

bio-irrigation (Kristensen et al., 2014), but also directly through their

consumption, production (tissue elaboration), and respiration which

can account for large fractions of the organic carbon delivered to the

sediment. Benthic macroinvertebrate annual production at several

sites near the mouth of the Fraser River averaged 11% of the organic

carbon delivered to the sediment annually (Burd et al., 2013). Drexler

et al. (2019) estimated that carbon accumulation rates on the

Nisqually Delta near our Inner Flats West sites (their Animal

Slough sites) averaged 134 g C m-2 yr-1. Using our measurements

of invertebrate biomass and body weight, and empirical models for

estimating benthic macroinvertebrate production (Brey, 2012)

and respiration (Brey, 2010), we calculated that benthic

macroinvertebrate production accounted for 14%, and their

respiration for an additional 38% of the carbon that accumulated

in that area annually. How the large increase in benthic invertebrates

in the restored area affected nutrient cycling is unknown but it

probably changed the equation.

Restoration may be expected to take longer for terrestrial

invertebrates dependent on marsh vegetation than for benthic

invertebrates because terrestrials must wait for vegetation to

establish (Woo et al., 2018). In the Refuge, after dike emplacement

the land behind the dikes subsided due to reduced drainage and

compaction by farming activities (Grossman et al., 2020), and salt

marsh was slow to colonize after dike removal because elevation
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remained low. Greater sediment input would speed elevation increase

and vegetation reestablishment. Reconnecting historical distributary

channels, which would directly connect the river to the restored area,

may improve several vital functions including sediment delivery

(Ellings et al., 2016). Efforts are currently underway to evaluate

benefits of this action (Grossman et al., 2022). Nevertheless, our

study and others demonstrate that restoring tidal inundation to

former marshlands can benefit benthic invertebrates and the

animals they provide prey for even before increases in elevation

and vegetation reestablishment (Woo et al., 2021).

Other management actions and human-caused disturbances

affecting sedimentary processes on deltas will also affect benthic

invertebrates. River channelization can change sediment routing

patterns, in some cases resulting in delta progradation, export of

mud beyond the delta, and destabilization of sediments (Grossman

et al., 2020). Sea level rise, in conjunction with fine sediment

bypassing the marsh due to river channelization, can cause

decreased marsh accretion rates and increased marsh erosion

(Hood et al., 2016). Climate change is expected to change

hydrologic regimes of rivers draining into Puget Sound in a

manner that will increase sediment delivery (Lee et al., 2016).

These changes in sediment dynamics have consequences for

benthic invertebrates inhabiting deltaic soft sediments as our

results show. In particular, we found that fine sand promoted

high diversity and biomass, and large body size; mud with high

organic content was associated with higher density but lower

diversity and biomass, and smaller body size; and grain size and

organic content modifications from sediment erosion or deposition

led to invertebrate community changes.
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Moreno-Mateos, D., Power, M. E., Comıń, F. A., and Yockteng, R. (2012). Structural
and functional loss in restored wetland ecosystems. PloS Biol. 10, e1001247.
doi: 10.1371/journal.pbio.1001247

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al.
(2019). vegan: Community Ecology Package. R package version 2.5-6, Available at:
https://CRAN.R-project.org/package=vegan.

Page, G. W., Stenzel, L. E., and Kjelmyr, J. E. (1999). Overview of shorebird
abundance and distribution in wetlands of the pacific coast of the contiguous United
States. Condor 101, 461–471. doi: 10.2307/1370176

Partridge, V., Weakland, S., Dutch, M., Burgess, D., and Eagleston, A. (2018).
Sediment Quality in Puget Sound: Changes in chemical contaminants and
invertebrate communities at 10 sentinel stations 1989–2015. Washington Department
of Ecology, Publication No. 18-03-005.

Pillay, D., and Branch, G. (2011). Bioengineering effects of burrowing thalassinidean
shrimps on marine soft-bottom ecosystems. Oceanogr. Mar. Biol.: Annu. Rev. 49, 137–
192. doi: 10.1201/b11009-5

Pinheiro, J., Bates, D., DebRoy, S., and Sarkar, D. (2019). nlme: Linear and Nonlinear
Mixed Effects Models. R package version 3.1-140.

Placyk, J. S. Jr., and Harrington, B. A. (2004). Prey Abundance and Habitat Use by
Migratory Shorebirds at Coastal Stopover Sites in Connecticut / Abundancia de preśas
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