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Compensatory wetland restoration is a critical component of holistic,

ecosystem-level oil spill response strategies. An important goal of

restoration is to rehabilitate food webs in impacted areas, but faunal

assemblages and trophic dynamics are rarely included in post-restoration

monitoring or assessments of success. Different approaches to wetland

restoration, including variations in construction technique, may influence

faunal recovery and trophic interactions. To explore these dynamics, we

compared emergent plant communities, terrestrial arthropod assemblages,

and trophic interactions in restored emergent marshes that were

constructed in terrace and mound configurations and in reference areas in

the Lower Neches Wildlife Management Area (Texas, United States). Plant

community composition differed among all habitat types, with higher

diversity on terraces and in reference marshes. Terrestrial arthropod

abundance was similar among habitat types, but species composition was

distinctly different among habitat types, especially at the herbivore level,

where four of the eight herbivore species were found in either reference or

restored sites, but not in both habitat types. Herbivores (primarily beetles and

planthoppers) were more abundant than detritivores (midges and flies) in all

habitat types. Predator (web-building and hunting spiders) abundance and

species identity were similar among habitat types. Based on stable isotope

analysis, trophic relationships differed among mounds, terraces, and reference

areas. Herbivore diets were more variable at the reference sites than in either

restored habitat type, aligning with higher plant diversity in reference areas. In

contrast, detritivore diets were more variable at restored sites, where they were

likely consuming food sources such as benthic algae or sediment organic

matter. Predator diets were primarily comprised of herbivores in reference

areas and detritivores in restored habitats. Overall, the restoration approaches

supported abundant terrestrial arthropod assemblages, but species

composition was different. In addition, trophic relationships differed

between restored and reference areas, in part due to unique plant species

assemblages at restored and reference sites. These results suggest that

ecosystem restoration strategies that introduce geomorphological
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heterogeneity and plant diversity are more likely to support a diverse array of

species and functions.
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Introduction

Coastal wetlands in the continental United States have been

substantially reduced in area over the past 100 years (Dahl, 1990),

primarily due to urban and agricultural development,

hydrological alterations, and natural and anthropogenic

subsidence (Mitsch and Hernandez, 2012). Although the rate

of loss has slowed in recent years (Entwistle et al., 2018; Murray

et al., 2022), coastal wetlands continue to be vulnerable to

disturbance from development, storm events, and offshore oil

spills (Morton and Barras, 2011; Turner et al., 2016; Hu et al.,

2017). Oil spills have received extensive public attention, with

acute and long-term effects across all trophic levels, from plants

and insects to iconic megafauna (McCall and Pennings, 2012;

Silliman et al., 2012; Haney et al., 2014; Lin et al., 2016; Zengel

et al., 2016; Zengel et al., 2022). These highly visible impacts make

it critical for state management agencies to have robust, multi-

faceted, and effective oil spill response plans that address

ecosystem recovery across multiple trophic levels (French

McCay and Rowe, 2003). Compensatory wetland restoration

that considers a range of ecosystem attributes is a critical

long-term component of these response plans (Simenstad and

Thom, 1996; Armitage, 2021).

Restoration efforts often focus on the creation of vegetated,

low elevation marsh habitat that is of high near-term value to

fisheries (e.g., La Peyre et al., 2007; Zeug et al., 2007). In the

northern Gulf of Mexico, these projects frequently include

mound or terrace formations (Rozas et al., 2005) (Figure 1)

that create marsh edge habitat. Despite differences in plant

species identity and biomass (Garbutt and Wolters, 2008;

Mossman et al., 2012; Staszak and Armitage, 2013), previous

investigations of ecosystem-level functions in these types of

restored marshes indicate that many metrics, such as aquatic

faunal density and carbon sequestration potential, can be similar

among mound and terrace formations but are sensitive to the

amount of aquatic habitat surrounding the emergent marsh

FIGURE 1
Map of study area in the Lower Neches Wildlife Management Area, depicting examples of restored mounds (planted with Spartina alterniflora),
restored terraces (planted with Spartina alterniflora and Schoenoplectus californicus), and reference areas (primarily S. alterniflora, Spartina patens,
and Bolboschoenus robustus). Inset on upper left indicates study area location in the northern Gulf of Mexico. Aerial image obtained from the
United States Department of Agriculture (USDA); Texas NAIP Imagery, 2016–12-15.
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features (Rozas et al., 2005; Madrid et al., 2012; Armitage et al.,

2014).

An equally important but frequently overlooked goal of

compensatory restoration, particularly from public and

commercial perspectives, is to rehabilitate impacted wildlife and

the food webs that support them. However, the response of lower

trophic levels to compensatory restoration is usually assumed but

seldom quantified and rarely considered in assessments of

restoration success (Weinstein et al., 2005; Loch et al., 2020). In

coastal marshes, terrestrial arthropods (insects, spiders, and their

kin) are important grazers and prey items in food webs (Post and

Greenlaw, 2006; Batzer and Wu, 2020; Ning et al., 2021). Many of

these organisms are closely associated with marsh plants, and so

faunal use of restored areas may also be affected by marsh plant

identity (Talley and Levin, 1999; Wu et al., 2008). For example,

insect diversity and abundance are often lower in wetlands invaded

by Spartina alterniflora (Ning et al., 2021). Conversely, restoration of

S. alterniflora within its native range can increase arthropod

abundance and diversity (Gratton and Denno, 2005). For

generalist species, plant identity may be less important than plant

cover or density (Guiden et al., 2021), though plant structure may be

linked to habitat suitability for some predators such as web-building

spiders. In some cases, terrestrial arthropod assemblages and trophic

interactions recover following habitat restoration (Gratton and

Denno, 2006; Watts and Didham, 2006), but in others, food

webs can be slow to approach reference conditions (Wozniak

et al., 2006; Ning et al., 2021; Wu et al., 2021). On a decadal

scale, the character of the food web changes over time, shifting from

detrital-based to herbivore-driven as the restored site ages (Schrama

et al., 2012).

Despite the large number of restoration projects on the

northern Gulf of Mexico coastline, there have been few

quantitative comparisons of the values of different

construction and planting techniques for associated wildlife at

lower trophic levels (but see Madrid et al., 2012; Armitage et al.,

2014). Restoration projects on the upper Texas coast have used

various combinations of these approaches, providing a unique

opportunity to quantify food web development in response to a

range of restoration techniques. Understanding food web

structure in restored habitats will help resource managers and

oil spill response technicians identify appropriate compensatory

restoration techniques that are tailored to the taxa or resources

that were impacted, maximizing the efficient use of oil spill

response funds. Therefore, our broad objective was to identify

compensatory wetland restoration techniques that boosted food

web development. In this case study within a restored wetland in

the early successional stages, we focused on terrestrial arthropod

responses to three key aspects of restoration project design:

construction type (terraces or mounds), plant species identity,

and plant species diversity. Given the young age of the study site,

we expected that detritivores would dominate the food web in

restored areas (sensu Schrama et al., 2012).

Materials and methods

Study area

We conducted this study in the Lower Neches Wildlife

Management Area (latitude 30o 0′ 5″ N, longitude 93o 51’ 49”

W), Texas, United States (Figure 1). The study area consisted of

reference (not actively planted or amended) and restored

brackish marshes, where two types of restored marsh

structures, mounds and terraces, were created in spring 2008.

Both mounds and terraces were constructed with material

excavated from adjacent bottom sediment. Mounds were

circular formations (10–20 m in diameter) and were planted

with the smooth cordgrass, Spartina alterniflora cv. Vermilion.

Terraces were long, narrow structures (5 m x > 100 m) that were

planted with Spartina alterniflora cv. Vermilion and

Schoenoplectus californicus. Each of the three habitat types

(reference, mounds, terraces) were distinct from each other

(separated by at least 100 m) but were within the same

hydrological management unit and experienced similar tidal

influence. More detailed information about the study site and

restoration project was reported by Armitage et al. (2014).

Plant and arthropod sampling

To examine whether reference and restored marshes differed

in trophic structure, in summer 2010, we sampled five replicate

sites within each of the three habitat types: reference sites,

restored mounds, and restored terraces. Replicate sites were at

least 30 m apart from each other. Sampling in these habitats

provided an opportunity to examine the effect of different

restoration configurations (i.e., mounds vs terraces) on plant

and arthropod communities and food web structure.

The aboveground biomass of each emergent marsh plant

species in each habitat type was determined by clipping all stems

at the ground level in representative 10 cm x 20 cm quadrats at

each site (n = 5 per habitat type). All plant samples were collected

over a 2-day period in June 2010. Stems were rinsed, dried, and

weighed to determine biomass (kg/m2). Additional detail on

plant community characterization is described in Armitage

et al. (2014). For isotopic analyses, we collected fresh plants

and plant detritus from each sampling site, all of which were

immediately preserved in coolers with ice. Focal species included

the dominant plants in each habitat, such as S. alterniflora,

Spartina patens, and Bolboschoenus robustus in reference sites,

S. alterniflora cv. Vermilion on mounds, and S. alterniflora cv.

Vermilion and S. californicus on terraces. For each plant species,

we haphazardly collected 6 leaves at each site for stable isotopic

analysis. For plant detritus, it was infeasible to identity to species

level and therefore detritus samples were pooled within sampling

sites.

Frontiers in Environmental Science frontiersin.org03

Armitage et al. 10.3389/fenvs.2022.965557

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.965557


To characterize arthropod assemblages, we used an insect

vacuum fitted with a sampling head (7 cm in diameter),

haphazardly selected a starting point within a sampling site,

and vacuumed all arthropods from the bottom to the top of

vegetation cylinder (13 cm in diameter). We sampled 10 non-

overlapping vegetation cylinders per sampling site; all arthropods

were collected over a 2-day period in July 2010. This sampling

method is effective for capturing species directly associated with

the vegetation (Buffington and Redak, 1998). Samples were

placed on ice for transport to the lab for identification and

processing. Arthropods were identified to the lowest practical

taxonomic level. When possible, arthropods were assigned to a

trophic level (herbivore, detritivore, or predator) based on the

literature and identification guides (Arnett Jr, 2000; Gratton and

Denno, 2005).

Stable isotope analysis

To examine trophic linkages among species in the restored

wetlands, we analyzed the stable carbon and nitrogen isotope

ratios (δ13C and δ15N) of plants, detritus, and common

arthropods (herbivores, detritivores, predators) from each

habitat type. Plant and detritus samples collected from the

field were rinsed with water at the laboratory before stable

isotope analysis. All samples were dried at 60°C for 48 h and

ground using a mortar and pestle or electric mill. Plant samples

from each site were analyzed separately for each species, and

detritus was pooled within sampling sites, since detrital material

could not be identified to species level. We pooled arthropod

species from the same trophic level at each sampling site to

provide enoughmaterial for stable isotope analysis; this approach

yielded results that reflected the overall signature of each trophic

level within each habitat type. Herbivores in our analysis

included Ischnodemus conicus (Family Blissidae), Megamelus

sp. and Prokelisia sp. (Family Delphacidae), and unidentified

members of Families Chrysomelidae, Curculionidae,

Elachistidae, Membracidae, and Miridae. Detritivores included

members of Families Chironomidae, Drosophilidae, and

Ephydridae. Predators included web-building and hunting

spiders (Families Araneidae, Lycosidae, Salticidae,

Tetragnathidae, and Thomisidae). To reduce analysis bias

introduced by various fat content in animals (Post et al.,

2007), we treated all arthropod samples with lipid extraction

using an Accelerated Solvent Extractor (Dionex) at Texas A&M

University at Galveston, Texas, United States. All plant and

animal samples were sent to the University of California

Davis Stable Isotope Facility for stable isotopic analysis of

carbon (C) and nitrogen (N), using a PDZ Europa ANCA-

GSL elemental analyzer interfaced to a PDZ Europa

20–20 isotope ratio mass spectrometer. Vienna Pee Dee

Belemnite and air were used as standards for carbon and

nitrogen, respectively.

Statistical analyses

Total plant biomass was analyzed with one-way univariate

PERMANOVA following square root transformation using the

adonis2 routine in the vegan package in R version 4.2.0 (R Core

FIGURE 2
Plant biomass at two restored habitat types (mounds and terraces) and in reference areas. Error bars depict standard error.
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Team, 2020), where habitat type (reference, mounds, or terraces)

was the independent variable. Plant assemblages were analyzed

with two-way multivariate PERMANOVA, where species

identity and habitat type were the independent variables.

Arthropod abundances were analyzed with separate one-way

PERMANOVA for each functional group (herbivores,

detritivores, predators), where habitat type was the

independent variable.

Stable isotope values were used to evaluate trophic relationships

for herbivores and predators in each of the three habitat types using

Bayesian mixing models in the package MixSIAR (v 3.1.12, Stock

et al., 2018) in R version 4.1.2 (R Core Team, 2020). We were not

confident that we fully sampled all likely food sources for

detritivores; therefore mixing models were not performed for this

trophic group. Each model was run in three chains with

1,000,000 iterations and a burn-in of 500,000 and was thinned

by 500 each iteration. For herbivores, different end members (food

sources) were available in restored and reference sites, so separate

models were run in each habitat type. For predators, end members

were the same at all sites, so a single model was run to determine the

contribution of herbivores and detritivores to predator diets in each

habitat type. The biomass (of plants) or the abundance (of

herbivores and detritivores) of each dietary source within each

habitat type was incorporated into each model as an informative

prior. Detrital biomass was not recorded, but based on studies in

similar climate zones (Netto and Lana, 1999), it was assumed to be

equivalent to live biomass of the species present at each sampling

site. Spartina alterniflora and S. patens were not isotopically distinct

from each other, so in the reference habitat type where both plants

were present, they were combined into a single Spartina source in

the model as recommended by MixSIAR. We used trophic

discrimination factors of 0.4 ± 1.3 for carbon and 2.0 ± 1.8 for

nitrogen as suggested by McCutchan et al. (2003) for terrestrial

arthropod consumers.

To supplement the mixing model outputs, we constructed dual

isotope graphs for visual assessments of trophic relationships. In

addition, we analyzed absolute differences in δ13C and δ15N values

for all three trophic groups among habitat types with one-way

univariate PERMANOVA as described above.

Results

Plants

Marsh plant biomass was 50–100% higher in restored (mounds

1.9 ± 0.3 kg m−2; terraces 2.9 ± 0.3 kg m−2) than in reference areas

(1.3 ± 0.2 kg m−2; PERMANOVA df = 2, F = 5.58, p = 0.007). The

distribution of biomass among species differed among habitat types

(Figure 2; PERMANOVA df = 2, F = 6.42, p = 0.002). In restored

mounds and in reference sites, S. alterniflora was the dominant

species. In restored terraces, S. alterniflora and S. californicus were

FIGURE 3
Abundance of terrestrial arthropod functional groups at two restored habitat types (mounds and terraces) and in reference areas. Error bars
depict standard error.
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co-dominant. Small amounts of two other species, S. patens and B.

robustus, were found in reference areas (Figure 2).

Arthropods

Arthropod abundance tended to be lower on terraces than on

mounds or in reference areas, but there was high variability within

habitat types and no statistical difference among any restored or

reference areas (Herbivore PERMANOVA df = 2, F = 1.25, p =

0.321; Detritivores df = 2, F = 1.25, p = 0.322; Predators df = 2, F =

1.93, p = 0.179). Herbivores weremore abundant than detritivores at

all sites and had similar abundances as predators (Figure 3).

Common herbivores included typical salt marsh taxa such as

Ischnodemus conicus (true bugs, Family Blissidae) and Prokelisia

spp. (planthoppers, Family Delphacidae) (Table 1). Detritivores

TABLE 1 Relative abundance of terrestrial arthropod taxa collected in each habitat type (restored mounds and terraces, reference marsh). In most
cases, identification was made to family level; when individuals could be identified to species, common names and families are indicated in
parentheses. Black indicates common taxa (>5 m−2), grey indicates uncommon (<5 m−2), and white indicates that taxa was absent from that habitat
type.
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were less abundant and had lower species richness than herbivores,

primarily comprised of cosmopolitan consumers of decaying plant

material (Table 1). Predators were web-building and hunting spiders

(Table 1).

Trophic relationships

Herbivore diets were more variable at the reference sites than

in either restored habitat type (Figure 4). The dominant

herbivore food source in all habitat types was S. alterniflora

(or a combination of the two Spartina species at the reference

sites) (Table 2). The mixing models suggested that detritus

comprised a substantial portion of herbivore diets on mounds,

but the mixing models may not have been able to differentiate

between live and detrital S. alterniflora contributions (Figure 4A).

Herbivore δ13C signatures differed among habitat types but δ15N
signatures were consistent across sites (Table 3). Herbivore δ13C
(ranging from -11 to -13.5‰) was closely aligned with S.

FIGURE 4
Dual isotope graphs of consumers and food sources in (A)
restored mounds, (B) restored terraces, and (C) reference sites.
Error bars depict standard deviation.

TABLE 2 Mixing model estimates of end member contributions to
herbivore and predator diets in reference and restored (mound or
terrace) marshes (mean ± SD). Bolded values indicate the primary
contributor to the diet, and blank cells indicate that a source did not
occur in a given habitat type.

Mounds Terraces References
Trophic levels

Herbivores

Detritus 38.3 ± 34.1 1.5 ± 3.4 26.3 ± 35.4

Spartina alterniflora 61.7 ± 34.1 97.8 ± 4.3 −

Spartina spp. − − 73.3 ± 35.5

Schoenoplectus californicus − 0.8 ± 2.0 −

Bolboschoenus robustus − − 0.4 ± 3.6

Predators

Herbivores 1.5 ± 3.9 3.2 ± 6.8 76.0 ± 23.6

Detritivores 98.5 ± 3.9 96.8 ± 6.8 24.0 ± 23.6

TABLE 3 Results from one-way PERMANOVA of absolute differences
in δ13C and δ15N values for three trophic groups among reference
and restored (mound or terrace) habitat types. p-values less than
0.05 are indicated in bold type.

Df SS Pseudo-F P

Herbivores

δ13C
Habitat type 2 1.36 5.20 0.006

Residual 12 1.57

δ15N
Habitat type 2 0.17 0.62 0.534

Residual 14 1.63

Detritivores

δ13C
Habitat type 2 0.85 4.46 0.040

Residual 12 1.14

δ15N
Habitat type 2 0.66 4.14 0.042

Residual 12 0.95

Predators

δ13C
Habitat type 2 0.11 2.32 0.159

Residual 12 0.29

δ15N
Habitat type 2 0.77 10.46 0.005

Residual 12 0.44
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alterniflora signatures in both restored habitats (Figure 4). In

reference sites, herbivore δ13C signatures were more variable

(ranging from -12 to -26‰), reflecting a wider array of food

sources such as B. robustus) or unsampled food sources (e.g.,

aquatic vegetation or algae).

Detritivore δ13C and δ15N signatures varied among habitat

types (Table 3). In restored mounds and terraces, δ13C signatures

indicated that detritivore diets were variable, ranging from -13 to

-22‰ (Figure 4). Detritivore isotopic ratios at mounded sites

frequently fell outside the range of collected end member values,

indicating the presence of additional food sources (e.g., benthic

algae or sediment organic matter) that were not sampled; these

missing end members prevented the accurate calculation of diet

contributions with mixing models. In reference areas, detritivore

δ13C signatures were less variable (ranging from -13 to -15‰)

and were more closely aligned with Spartina spp. signatures

(Figure 4). Detritivore δ15N signatures were lower in reference

areas (average 2.1‰ ± 0.5 SE) than on mounds (3.9‰ ± 0.4) or

terraces (3.2‰ ± 0.3), indicating that detritivores were

consuming a more enriched organic end member in restored

areas.

Predators showed a clear dietary shift with restoration

(Table 2). Predator δ13C signatures were similar in all habitat

types but were more closely aligned with detritivores in

restored habitat types and with herbivores in the reference

areas (Table 3; Figure 4). Predator δ15N signatures were

enriched on mounds (average 7.3‰ ± 0.3 SE), relative to

terraces (4.8‰ ± 0.4) and reference areas (5.7‰ ± 0.3)

(Table 3). The higher predator δ15N signature on mounds

corresponded with higher detritivore δ15N signatures in those

areas.

Discussion

Despite some high-level similarities between restored and

reference areas in terms of plant biomass and cover and

terrestrial arthropod abundance (Figures 2, 3; Armitage et al.,

2014), there were clear distinctions in species composition and

trophic relationships in the restored sites. Terrestrial arthropod

assemblages are notoriously heterogeneous over space and time

(David et al., 2016; Hacala et al., 2019), but abundance does tend

to be linked to plant assemblage characteristics. In habitats

ranging from tidal marshes to terrestrial grasslands, restored

sites with plant communities that resemble reference areas are

more likely to develop similar faunal communities (Mortimer

et al., 2002; Gratton and Denno, 2005; Gerber et al., 2008; Watts

et al., 2008; Moir et al., 2010). Accordingly, the successful

development of food webs in restored habitats is closely

linked to plant and animal species identity (Gratton and

Denno, 2006; Watts and Didham, 2006).

Based on the similarity in arthropod abundance between

restored and reference areas, and the relatively young age

(2 years) of the restored sites, it appears that terrestrial

arthropods quickly colonized the restored areas. However,

abundance metrics do not tell the full story about the

restoration of arthropod assemblages (Burkhalter et al., 2013;

Maoela et al., 2016; Hacala et al., 2019). In fact, arthropod

taxonomic identities were distinctly different among habitat

types, especially among herbivores. Four of the eight

herbivore species were found in either reference or restored

sites, but not in both types of sites. Only two herbivorous

genera were found in all three habitat types; both of those

species are known to be closely associated with S. alterniflora:

the sap-feeder Prokelisia and the planthopper Ischnodemus

(Denno and Grissell, 1979; Slater and Baranowski, 1990).

Predator and detritivore assemblages were more similar

between restored and reference areas, with four out of five

predators and two out of three detritivores found in all

habitat types. Notably, arthropod assemblages in restored

areas were not dominated by detritivores as expected, despite

the young age of the restored sites (Schrama et al., 2012).

Asynchronous recovery of different trophic levels in

arthropod assemblages is influenced by many factors,

including dispersal ability, food availability for specialist

species, and abiotic conditions, as well as plant identity and

characteristics (Gratton and Denno, 2006; Simao et al., 2010;

Dibble et al., 2013; Pétillon et al., 2014).

Emergent plant species identities varied among habitat types,

with the fewest species in mounded areas and the most in

reference areas. This variation in species composition was

reflected in biomass and cover measures (Figure 2; Armitage

et al., 2014) as well as in the detrital isotopic signatures (Figure 4).

These results are typical in restored wetlands, where differences

in plant species identity and biomass can persist for many years

(Garbutt and Wolters, 2008; Mossman et al., 2012; Staszak and

Armitage, 2013). In this study area, the emergent plant

communities in restored areas were intentionally different

from the reference area, and from each other. The goal of

planting in coastal wetland restoration is typically to rapidly

generate a plant canopy that meets some cover level stipulated in

the associated permit (Cole and Shafer, 2002). Thus, the primary

plant species in the restored sites (S. alterniflora) was chosen to

jump-start plant canopy restoration, despite the relative rarity of

S. alterniflora in other portions of the reference area, where S.

patens and B. robustus dominated in terms of cover (Armitage,

2021). Although S. alterniflora was not abundant throughout the

reference area, the Vermilion strain selected was a particularly

robust variant that grows much taller than local strains (Fine

et al., 2000). Thus, even at low abundance, S. alterniflora

comprised a substantial portion of the emergent plant

biomass at our study sites and was therefore a potentially

important and readily available end member for both

herbivores and detritivores in all habitat types.

The food sources supporting the terrestrial arthropod food

web likely included more than just emergent marsh plants. In
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young restored sites, detritus can play a particularly important

role in food web support (Schrama et al., 2012). In addition,

marine subsidies can make substantial contributions to

arthropod food webs in tidal wetlands (Paetzold et al., 2008),

and aquatic vegetation, algae, and particulate organic matter were

abundant in all habitat types (Armitage et al., 2014), though these

sources likely varied in importance for different consumer

groups. Accordingly, the variation in detrital δ13C signatures

in terraced and reference habitat types indicated that there was a

wide array of organic matter sources available to consumers.

These alternate food sources were not sampled in this study,

preventing the use of mixing models to specifically characterize

their importance in consumer diets. Regardless, consumer

isotopic signatures can be useful in making relative

comparisons in trophic relationships among habitat types, and

provide insight into how similar (or dissimilar) the restored areas

are to target reference conditions.

In general, isotopic signatures indicated that consumer diets

differed between restored and reference areas, but each consumer

group showed unique patterns. Herbivore dietary diversity was

relatively low in restored habitat types, with δ13C signatures

closely clustered near S. alterniflora values. Although the

mixing models suggested that detritus comprised a portion of

herbivore diets on restored mounds, the detrital and live S.

alterniflora δ13C signatures were very close together,

suggesting that the mixing models were unable to differentiate

between live plant and detrital contributions. Based on the

natural history of two common herbivores at this site

(Armitage et al., 2013), it is unlikely that detritus was an

important component of herbivore diets. Prokelisia is a sap-

feeding specialist on S. alterniflora (Denno and Grissell, 1979)

and Ischnodemus conicus typically lives cryptically under S.

alterniflora basal leaf sheaths (Slater and Baranowski, 1990).

Model outputs suggesting detrital consumption may have also

been confounded by the sap-sucking nature of Prokelisia. Sap-

suckers tend to have different trophic discrimination factors than

insects that consume leaf tissue (McCutchan et al., 2003) but

there was no way to separate out the two feeding methods in the

mixing models. Evidence of strong herbivore affiliations with S.

alterniflora was clear in terraced sites, where S. californicus was

also an abundant plant, but δ13C signatures indicated that

herbivores avoided that species in favor of S. alterniflora. In

the reference areas, a wider array of available emergent plant

species corresponded with a wider spread (and lower absolute

average) in herbivore δ13C values, indicating more diet

heterogeneity.

In contrast to herbivores, detritivore diet diversity was

highest, as indicated by a wider spread in δ13C values, in

restored areas. Detritivore isotopic signatures were similar in

mounds and terraces, despite differences in the signatures of

available detritus. Detrital signatures in restored mounds were

closely aligned with S. alterniflora. In contrast, the detritus on

terraces was likely a mix between the two abundant plant species,

S. alterniflora and S. californicus. Additional detritus from

subtidal sources may have accumulated on terraces but not on

mounds due to their smaller size and lower elevation profile. To

some degree, detritivores in both sites were likely consuming

some detrital vascular plant material, but unsampled end

members were also likely to be relevant diet components in

both restored areas. In particular, sediment organic matter may

have been an important (but unsampled) end member for these

consumers (Page et al., 2010). In contrast to restored areas,

detritivores in reference areas appeared to have distinctly

different diets, as detritivore signatures were closely aligned

with S. alterniflora, suggesting that those taxa may have

primarily consumed detritus from that plant species.

Based on isotope signatures and mixing models, predator

diets were more closely aligned with detritivores in restored areas

and herbivores in reference areas. The spider taxa in Gulf Coast

tidal marsh ecosystems are typically generalists, utilizing either

webs or active hunting strategies (Gratton and Denno, 2005).

Some predatory taxa in these tidal ecosystems may engage in

intraguild predation (Matsumura et al., 2004), but based on

isotopic signatures, either herbivores or detritivores comprised

the bulk of predator diets. As such, shifts in predator diets

following restoration likely tracked changes in abundance or

biomass of prey items within these two consumer groups

(Pétillon et al., 2005; Gratton and Denno, 2006). Although

detritivores were not the most abundant group (Figure 3),

some of the taxa in restored areas had relatively large body

sizes (e.g., shore flies in Family Ephydridae), and their biomass

may have been substantial enough to offset their relative rarity in

the arthropod assemblage. The co-occurring herbivore species in

restored sites tended to be more cryptic or stationary (Denno and

Grissell, 1979; Slater and Baranowski, 1990), and thus were less

susceptible to predation from either passive web builders or

active hunters. In contrast, in reference areas, members of

Family Ephydridae were absent and other smaller taxa in

Families Chironomidae and Drosophilidae were more

common. Accordingly, the biomass of detritivores available to

predators in reference areas was lower, relative to restored areas.

Implications for restoration

The intent of compensatory coastal wetland restoration is to

mitigate for structural or functional loss of habitat within the

watershed, often following major disturbance events such as the

Deepwater Horizon oil spill (Van den Bosch andMatthews, 2017;

Zengel et al., 2021). The establishment of a specified level of

emergent plant cover is a standard metric of restoration success

(Ruiz-Jaen and Aide, 2005; Matthews and Endress, 2008).

However, plant cover rarely corresponds with a broad

spectrum of functional characteristics such as species diversity,

nutrient cycling, or trophic energy flow (Craft et al., 1999; Zedler

and Lindig-Cisneros, 2000; Levrel et al., 2012). In this study, plant
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and terrestrial arthropod communities were distinctly different

between restored and reference areas, and those differences

contributed to dissimilarity in food web structure among habitat

types. Terrestrial arthropods play important roles in controlling

productivity and supporting higher trophic levels, including fish and

avian predators (Post and Greenlaw, 2006; Batzer and Wu, 2020;

Ning et al., 2021). In some cases, terrestrial arthropod abundances

rapidly re-establish following habitat restoration (Gratton and

Denno, 2005; David et al., 2016), but restored assemblages are

often dissimilar in terms of diversity and distribution among trophic

guilds (Pétillon et al., 2014; Ning et al., 2021; Farfán-Beltrán et al.,

2022). Restored areas with plant assemblages that are distinct from

those in reference areas are especially likely to yield persistent

dissimilarities in associated fauna (Talley and Levin, 1999; David

et al., 2016; Leonard et al., 2021).

The broad objective of this study was to identify compensatory

wetland restoration techniques that would boost food web

development. We focused on terrestrial arthropod responses to

three key aspects of restoration project design: construction type

(terraces or mounds), plant species identity, and plant species

diversity. The two construction types each yielded unique

terrestrial arthropod assemblages and food web structure. In

contrast to expectations, neither restored habitat type had a food

web supported primarily by detritus. Furthermore, neither restored

habitat type closely resembled reference conditions. The unique

assemblages and trophic relationships within each habitat type were

likely linked to differences in plant communities and localized

geomorphology (this study; Rozas et al., 2005; Armitage et al.,

2014). Although neither restored site successfully achieved absolute

parity with the reference area, all three habitat types contributed to

ecosystem-level diversity at the lower trophic levels. This outcome

highlights the importance of integrating heterogeneity into

ecosystem restoration design to boost a diverse array of species

and functions (Rozas et al., 2005; Armitage et al., 2007; Pétillon and

Garbutt, 2008; Madrid et al., 2012; Weisberg et al., 2012; Lengyel

et al., 2020; Armitage, 2021). Restoration approaches that

strategically include topographic and vegetation heterogeneity are

more likely to achieve a broader range of ecosystem benefits.
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