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Abstract 

Though biodiversity has been recognized as an important component in 

conservation, salt marsh restoration typically focuses on re-establishing dominant 

foundation species, instead of rarer species. Salt marsh restoration projects that add 

sediment to raise marsh elevation typically result in a bare landscape following 

construction. Restoration managers must decide whether to plant and, if so, which species. 

This decision can be difficult because few studies have examined the ecological functions 

of individual species, especially those that are rare relative to the marsh dominant. Within a 

major salt marsh restoration project in Elkhorn Slough, California, where 17,000 plants of 

five different rare high marsh species were planted, we investigated how these rare species 

and the naturally recruiting dominant species (Salicornia pacifica) differ in ecosystem 

functioning. We evaluated 30 different metrics related to blue carbon function, plant 

productivity, environmental effects, and community interactions. Our results highlight key 

contrasts in ecosystem functioning among the five planted and dominant marsh species, as 

well as effects of tidal elevation on some of these functions. Our study reveals that though 

the dominant, Salicornia pacifica, scored high on certain metrics, such as recruitment and 

canopy height, the planted species outperformed Salicornia pacifica on others. Of the 

planted species, Frankenia salina achieved greatest cover and plant litter accumulation, 

and we recommend its planting for high marsh restoration sites, due to its tolerance of 

highly saline and low moisture conditions. However, other planted species scored higher 

for metrics such as net photosynthesis and arthropod species richness. Our study illustrates 

the importance of biodiversity for increasing multifunctionality in salt marsh ecosystems 

and, specifically, in marsh restoration projects. 

Útdráttur 

Enda þótt líffræðilegur fjölbreytileiki hafi verið viðurkenndur sem mikilvægur 

þáttur í náttúruvernd, beinist endurheimt sjávarfitja venjuleg að því að koma aftur inn 

ríkjandi tegundum eða grunntegundum, en ekki sjaldgæfari tegundum. Sjávarfitja 

endurheimtar verkefni sem bæta við jarðefni til að lyfta hæð fitja leiða venjulega til 

berangurs landslags í kjölfar framkvæmda. Stjórnendur endurheimtarverkefna verða að 
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ákveða hvort á að planta og þá hvaða tegundum. Þessi ákvörðun getur verið erfið vegna 

þess að fáar rannsóknir hafa kannað vistfræðilega starfsemi einstakra tegunda, sérstaklega 

þeirra sem eru sjaldgæfar miðað við ríkjandi fitjategund. Innan meiriháttar sjávarfitja 

endurheimtarverkefnis í Elkhorn Slough, Kaliforníu, þar sem 17.000 plöntum af fimm 

mismunandi sjaldgæfum háfitjategundum var plantað, rannsökuðum við hvernig þessar 

sjaldgæfu tegundir og náttúrlega nýliðandi ríkjandi tegundir (Salicornia pacifica) eru ólíkar 

hvað varðar vistkerfis starfsemi. Við mátum 29 mismunandi firðir tengdar virkni blás 

kolefnis, framleiðni, umhverfisáhrifum, og samskiptum innan samfélagsins. Niðurstöður 

okkar varpa ljósi á helstu andstæður í vistkerfis starfsemi meðal fimm plantaðra og ríkjandi 

fitjategunda, sem og áhrif hæðar sjávarfalla á sumt af þessari starfsemi. Rannsókn okkar 

sýnir að enda þótt hin ríkjandi tegund, Salicornia pacifica, hafi hlotið mörg stig í vissum 

firðum, svo sem endurliðun og hæð laufkrónu, hafi plantaða tegundin staðið sig betur en 

Salicornia pacifica í öðrum. Af plöntuðu tegundum hafði Frankenia salina öðlast mesta 

þekju og uppsöfnun plöntusinu, og við mælum með þessari plöntu sem tegund fyrir 

háfitjaendurheimtar staði, vegna þols tegundarinnar á mjög söltum og lítt rökum aðstæðum. 

Engu að síður náðu aðrar plantaðar tegundir hærri firðum svo sem í plöntu-grundvallaðri 

nettóljóstillífun og tegundaauðgi liðdýra. Rannsókn okkar sýnir fram á mikilvægi 

líffjölbreytileika til að auka fjölvirkni í sjávarfitjavistkerfum og, nánar tiltekið, í 

fitjaendurheimtar verkefnum. 
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1 Introduction 

1.1 Importance of Biodiversity 

Biodiversity is a major focus of conservation efforts globally, and across different 

ecosystems. It is defined by the Convention on Biological Diversity as, “the variability 

among living organisms from all sources including, inter alia, terrestrial, marine and other 

aquatic ecosystems and the ecological complexes of which they are part; this includes 

diversity within species, between species and of ecosystems” (Secretariat of the 

Convention on Biological Diversity, 2005). Its importance has been recognized on an 

international, regional, and local scale (Hooper et al., 2005; Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem Services, 2019; Klein et al., 2008; 

Secretariat of the Convention on Biological Diversity, 2005).  

Over the past decades, a myriad of studies have highlighted the importance of 

biodiversity in conservation, including its contribution to greater habitat stability, 

ecosystem functions, and ecosystem services (Chapin III et al., 2000; Hooper et al., 2005; 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2019; 

Lawton, 1994; Naeem et al., 2012). For example, conserving pollinator species diversity 

has been shown to be crucial for agriculture and terrestrial systems (Ollerton, 2017). These 

systems depend on the pollination of plants to sustain ecosystems and keep pace with 

increasing demands of agriculture, benefiting from the presence of a variety of different 

pollinator taxa including butterflies, moths, hummingbirds, and beetles (Ollerton, 2017). 

The importance of biodiversity is also prominent for marine systems. For example, tropical 

fish diversity increases the health of coral reefs in the Dominican Republic by decreasing 

the rate of algal growth through herbivory, therefore increasing habitat for juvenile coral 

recruitment (Lefcheck et al., 2019). Despite evidence that broadly supports the importance 

of diversity in ecosystems, for many habitats, the role of different co-occurring species 

within a guild has not been characterized to determine whether diversity enhances 

multifunctionality (when an ecosystem performs multiple functions simultaneously) 

(Byrnes et al., 2014). 
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1.2 Diversity in Habitat Restoration 

Though conservation efforts have emphasized biodiversity, restoration efforts 

primarily focus on re-establishing foundation species (Chung et al., 2013; Orth et al., 

2006). Foundation species are defined as locally abundant and capable of 

disproportionately structuring a community through habitat creation (Dayton, 1972). 

Investing heavily in the restoration of foundation species can be a wise conservation 

approach, not only bringing back the foundation species itself, but also increasing 

ecosystem services such as habitat creation for other organisms, water filtration, and 

carbon sequestration (Altieri & Witman, 2006; Dayton, 1972; Ellison et al., 2005; 

Thomsen et al., 2010). 

Foundation species can sometimes be restored through passive restoration. Simply 

improving conditions can be sufficient if there are ample propagules from surrounding 

intact habitat (Wolters et al., 2008).  However, propagule supplies for rare species may be 

too low to recolonize naturally, either due to low abundance in seed banks or limited seed 

dispersal via tidal exchange. Rare species are defined as species that are restricted 

geographically, by population size, or by habitat specificity (Rabinowitz, 1981). Therefore, 

to ensure colonization of rare plant species at restoration sites, active restoration is the 

preferred strategy (Morzaria-Luna & Zedler, 2007). In other cases, a hybrid approach is 

taken – foundation species return through passive restoration, but active restoration is 

needed for rare species with limited propagule supply (Aquatic Outreach Institute, 2004; 

Fountain et al., 2020; Zedler et al., 2001). For any active restoration, restoration planners 

need to decide the species composition – whether to focus entirely on foundation species or 

restore a suite of other species in the same guild as the foundation species. Studies show 

that rare species can have significant impacts on their environment, altering environmental 

processes, community composition, and food web dynamics, despite their low abundance 

(Bracken et al., 2007; Hooper et al., 2005; Lyons et al., 2005; Zedler et al., 2001). 

1.3 Salt Marsh Functions, Services, and Diversity 

Salt marshes are wetland habitats that mainly occur at temperate and higher 

latitudes, and support multiple ecosystem services and functions (Barbier et al., 2011; 

Zedler et al., 2008). Forming in low-energy environments such as sheltered bays and 
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estuaries, salt marshes provide habitat and food provisions for a variety of ecologically and 

economically important species such as shellfish, fish, crustaceans, and shrimp (Banerjee 

et al., 2017; Boesch & Turner, 1984; MacKenzie & Dionne, 2008). They protect coastal 

communities from storm surge, provide erosion control and water filtration services, and 

sequester carbon at high rates (Barbier et al., 2011; Chmura et al., 2003; Costanza et al., 

2008; Duarte et al., 2005; Nelson & Zavaleta, 2012; Shepard et al., 2011). Lastly, these 

systems also provide culturally important areas for society through recreation, research, 

and tourism (Barbier et al., 2011; McKinley et al., 2018; Teal et al., 1986). Though salt 

marshes perform complex processes and services, they are dominated by few plant species 

(Atwater et al., 1979; Barbier et al., 2011; Zedler et al., 2001). Few studies have examined 

the ecosystem functions and services of specific salt marsh species, especially those that 

are rare relative to the dominant species, but these studies suggest that rare species may be 

integral to essential processes and functions (Armitage et al., 2006; Callaway et al., 2003; 

Keer & Zedler, 2002; Lindig-Cisneros & Zedler, 2002; Sullivan et al., 2007; Zedler et al., 

2001). 

1.4 Restoring Salt Marsh Diversity 

Both active and passive restoration techniques can be employed to rehabilitate the 

biodiversity of salt marsh ecosystems. Active restoration occurs when, “a number of 

management techniques (are applied), such as introducing propagules of organisms, 

weeding, burning, alleviating compaction…” (Allen, 1995). Specifically within salt 

marshes, active restoration can include the removal of invasive species or planting species 

to increase biodiversity and ecosystem functions (Blair et al., 2013; Riddin et al., 2016; 

Zedler et al., 2001). Conversely, passive restoration occurs when, “stresses that caused the 

original degradation (are removed)... and then allowing natural succession” (Allen, 1995). 

This can include removing barriers such as embankments or abandoning agriculture, 

allowing natural succession of the plant community to occur (Almeida et al., 2014; Wolters 

et al., 2008). It is common practice to combine aspects of both active and passive methods 

into the same restoration project. For example, a project could include natural 

recolonization (passive) of species that are able to germinate at high rates (such as 

foundation species), with supportive plantings (active) of rarer species that are less likely 

to germinate, to promote succession (Aquatic Outreach Institute, 2004; Fountain et al., 

https://www.zotero.org/google-docs/?zXjKzo
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2020; Zedler et al., 2001). However, most salt marsh restoration projects focus on one or 

two dominant species (Callaway, 2005; Seneca et al., 1976; Williams & Faber, 2001; 

Zedler, 2001). Very few studies have documented the results of planting different plant 

species in salt marsh restoration, especially rarer species (Armitage et al., 2006; Callaway 

et al., 2003; Keer & Zedler, 2002; Lindig-Cisneros & Zedler, 2002; Sullivan et al., 2007; 

Zedler et al., 2001). Any restoration project with planting of multiple species provides an 

opportunity to experimentally compare the functions of different species within the same 

environment. 

1.5 Study Objectives and Goals 

We sought to investigate the relationship between diversity and function in a 

restored landscape. The goal of this study was to examine the ecological functions of five 

rare, high marsh plant species and the single marsh dominant in this system.  

To achieve this, we studied a large-scale planting of 17,000 individuals of rarer 

species within a salt marsh restoration project in Elkhorn Slough, California, where 

sediment addition to a formerly diked and subsided marsh resulted in an initially bare, high 

marsh plain. We compared the functions of Distichlis spicata, Extriplex californica, 

Frankenia salina, Jaumea carnosa, and Spergularia macrotheca, and the marsh dominant 

(Salicornia pacifica).  

At the broadest level, our question of both applied value and conceptual importance 

was whether multi-functionality is enhanced across the landscape by representation of 

marsh diversity. Our general hypothesis was that species would differ significantly in 

functions due to taxonomical and functional differences. While previous studies had 

focused on one or a few functions of interest in detail, we were interested in characterizing 

a varied suite of functions – we aimed for breadth over depth. We assessed 30 different 

metrics of function. Eight metrics were related to climate change mitigation, due to 

increasing recognition of the importance of marshes for carbon sequestration; we 

hypothesized that not all species perform these blue carbon functions at equal rates. Eight 

metrics were related to plant productivity; we hypothesized that some species optimize 

functions such as providing cover more effectively than others, which is important for 

restoration success. Seven metrics involved alterations to the environment by the plant 
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species; we hypothesized that some species would more strongly change soil conditions 

and therefore growth conditions for later arriving species.  Finally, seven metrics directly 

related to interactions with plant or animal species; we hypothesized that some plant 

species would affect desired attributes such as overall diversity and undesired ones such as 

invasions more than others. For half the metrics, we included consideration of an 

environmental gradient – marsh elevation, which affects tidal inundation frequency – so we 

could separate variation in response due to the gradient vs. differences due to plant species 

identity, and look for interactions between elevation and plant species. 

In addition to evaluating how each of the six focal plant species scored on each 

individual metric, we synthesized how they performed across the entire suite of metrics.  

This enabled us to determine whether a single species was capable of optimizing the 

majority of functions, or whether diversity was required to maximize functions.  Our 

synthesis also allowed us to compare whether the six species emerged as distinct from each 

other in their overall pattern of functionality, and to identify which metrics contributed the 

most to differences among species. We also evaluated which single species emerged as the 

“winner”, optimizing the greatest number of functions. We used our findings to make 

recommendations for the incorporation of marsh diversity in restoration design, and to 

evaluate more broadly the role of diversity in landscape multi-functionality. Our study thus 

serves a dual purpose, both applied and conceptual: to inform future restoration projects 

about the values of planting rare species, and to elucidate the role of diversity in enhancing 

function across the landscape. 

1.6 Thesis Structure 

This thesis is divided into six chapters. Chapter 1 introduces the concept of 

biodiversity and its recognized importance, but its lack of direct integration within salt 

marsh restoration efforts. Here, salt marshes are introduced, along with their associated 

functions and services. Current practices of restoring salt marshes are examined, 

highlighting the literature gaps of the ecosystem functions of rare species in a salt marsh 

restoration context. Lastly, the study objectives and goals are stated. Chapter 2 includes the 

background of the Elkhorn Slough and its large-scale restoration project. The study site, 

Hester Marsh, is introduced with background on previous land use and project goals. Next, 

the ecotone is introduced, along with its characteristics, functions, and importance. 
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Ecotones specifically within Elkhorn Slough are further analyzed. Next, the known 

ecosystem functions of the focal species, and the rationale for which metrics were chosen 

are presented. Chapter 3 discusses the design of the planted blocks, survey design, and then 

proceeds to the methods of each metric by function category. Data analysis and graphical 

representation are explained and presented. Chapter 4 includes the results of each metric by 

function category, with accompanying generalized linear model results and graphs. Chapter 

5 includes the discussion, where the results are summarized and previous ecosystem 

function literature is reviewed. Additionally, management recommendations and 

implications are made and elaborated. Chapter 6 includes the conclusion, where final 

remarks are made.  
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2 Background 

2.1 Elkhorn Slough: The Estuary and Its Marshes 

The Elkhorn Slough is located in Monterey Bay, central California (Figure 1). 

Elkhorn Slough has a Mediterranean climate, and experiences temperatures from 5-35 ℃ 

(Caffrey, 2002). This area also experiences a mixed semidiurnal tidal cycle with a mean 

tidal height of 1.7 m (Caffrey & Broenkow, 2002). Its marsh vegetation mainly consists of 

pickleweed (Salicornia pacifica), but other plant species are present (Atwater et al., 1979). 

Elkhorn Slough provides important habitat for a variety of mammals, fish, birds, and plants 

(Caffrey et al., 2002). Ecosystem services of Elkhorn Slough most likely include water 

filtration, enhancing of important biogeochemical cycles, reducing flood risk, and 

increasing groundwater recharge (Caffrey & Zabin, 2002). Elkhorn Slough also provides a 

myriad of uses for humans such as supporting commercial and sport fishing, agriculture 

activities, recreational opportunities such as boat tours, educational opportunities, and acts 

as a setting for people to enjoy nature (Caffrey & Zabin, 2002). Though Elkhorn Slough is 

an extremely productive environment, it has experienced dramatic habitat alterations due to 

anthropogenic impacts (Van Dyke & Wasson, 2005). 

Overall, more than 66% of the Slough’s salt marsh has been degraded or 

transformed since 1870 (Van Dyke & Wasson, 2005). Agricultural activities such as 

diking, draining, and groundwater extraction have altered historic sedimentary, oceanic, 

and freshwater inputs, resulting in the conversion of marshes to degraded marshes and 

mudflats (Van Dyke & Wasson, 2005). To restore coastal resilience, an ecosystem-based 

management initiative called the Tidal Wetland Project was launched at Elkhorn Slough 

(Elkhorn Slough Tidal Wetland Project Team, 2007). After considering and rejecting large-

scale hydrological management alternatives for the estuary, decision-makers prioritized 

restoration of marshes that had been lost to diking, to increase ecosystem function and 

overall resilience. 
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Figure 1. Map of Hester Marsh within Elkhorn Slough in Monterey Bay, CA. 
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2.2 Hester Marsh: Ecosystem-Based Restoration 
Project 

Hester Marsh is a degraded salt marsh located south of the main channel of Elkhorn 

Slough. In the mid 1900s, it experienced extensive diking and draining, creating a subsided 

salt marsh. Though dikes failed and tidal influence was returned, the level of subsidence 

was too great for healthy salt marsh to exist. To increase elevation, 230,000 cubic yards of 

sediment was added, mostly scraped from adjacent fallow farm fields which were re-

contoured. The marsh plain was constructed to be very high in the tidal frame, above Mean 

Higher High Water, to make it as resilient as possible to sea-level rise. Most of the marsh 

plain area was constructed virtually flat at this high elevation, but it was gently sloped at 

the adjacent uplands to allow for a wide marsh-upland ecotone and for future landward 

migration of marsh. Sediment addition was completed in August 2018. For revegetation of 

most of the marsh plain, it was assumed that there was ample seed supply by Salicornia 

pacifica, which is common throughout the estuary, and its seeds should be transported 

from other marshes to Hester on any king tide series high enough to inundate the new 

marsh plain. However, seed supply by rarer high marsh species was assumed to be 

limiting, as many fewer seeds are produced in the estuary, and since the plants are found 

near the upland boundary, only the highest tides of the year can mobilize them for 

transport. For this reason, about 17,000 plants of five other high marsh genera were 

transplanted into high elevation blocks at Hester in January 2019 (Figure 1). These planted 

species were Distichlis spicata, Extriplex californica, Frankenia salina, Jaumea carnosa, 

and Spergularia macrotheca. From now on, all species will be referred to only by their 

genera. The rationale was that the planted individuals would provide some marsh diversity 

at the restoration site immediately, and hopefully serve as a source for further colonization 

of the larger area. More detail on marsh construction and monitoring is provided by 

Fountain et al. (2020), on which this background summary is based.  

2.3 The Marsh-Upland Ecotone: Properties and 
Species 

Ecotones are transitional zones between two different habitats, due to an abrupt 

transition in abiotic factors, and occur in a wide range of systems at different scales (Gosz 

& Sharpe, 1989). Ecotones share some of the environmental conditions and species found 

https://www.zotero.org/google-docs/?wsCIiP
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in the two habitats which overlap in this transition zone (Risser, 1995). However, they can 

also have unique characteristics and qualities, such as species endemic to the transition 

zone, and can perform critical functions including nutrient exchange, sequestering excess 

nutrients, and denitrification (Johnston, 1993; Laliberte et al., 2007; LeBlond, 2001; Levin 

et al., 2001; Vought et al., 1994). Ecotones can have higher biodiversity than the two 

habitats on either side and may be used by animals for food and habitat (Leopold, 1933; 

Menzel et al., 1999). Ecotones can also favor the recruitment of invasive plant species and 

facilitate their spread into neighboring ecosystems (Decamps, 1993). Ecotones may 

respond to disturbances more quickly than adjacent habitats and may be more sensitive to 

global climate change (Gosz & Sharpe, 1989; Risser, 1995).  

 In California, the ecotone between salt marsh and upland is usually narrow due to a 

pronounced physical gradient and harbors a unique plant community compared to 

neighboring habitats (Levin et al., 2001; Traut, 2005; Zedler et al., 1999). The abiotic 

factors creating the gradient are driven by elevation which in turn affects frequency of tidal 

inundation, influencing soil salinity, water content, and depth to anoxia (Callaway et al., 

1990; James & Zedler, 2000; Traut, 2005). The ecotone is an area with more nutrient-rich 

soil than the grasslands above it and with less salinity stress and deeper oxic zones than the 

marsh below it (Traut, 2005). Since ecotones share overlapping characteristics of the 

habitats surrounding them, salt marsh-upland ecotones are vulnerable to impacts from both 

habitats they border. Both grasslands and salt marshes have been significantly altered in 

California, such as grazing and biological invasions in the grasslands and draining, diking, 

and dredging in the marsh (Menke, 1989; Nichols et al., 1986; Zedler, 1996). Despite this, 

regional salt marsh-upland ecotones have higher plant and spider diversity than 

surrounding environments (Traut, 2005).   

 Within Elkhorn Slough, the marsh-upland ecotone has been characterized by 

Wasson and collaborators (Wasson & Woolfolk, 2011; Wasson et al. 2013).  It is narrow, 

only occurring from 1.6-2.2 m NAVD88 and has a unique plant community. This 

community includes not only ecotone specialist species, but also plant species from the 

marsh and grassland. The most abundant ecotone specialists in this area are Frankenia 

salina, Distichlis spicata, and Jaumea carnosa. Studies indicate that these ecotones have a 

significant amount of non-native cover. Research on Elkhorn Slough ecotones also 

highlights its sensitivity to environmental changes through spatial shifts and changes in 
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community diversity. Examples of these changes include tidal restrictions, longer 

inundation times, and cattle grazing. While the marsh-upland ecotone has been 

characterized in Elkhorn Slough and California, the ecosystem functions of the plants that 

inhabit it have not been thoroughly investigated or compared side-by-side in the same 

geographic area. Earlier studies suggest that some of these ecotone species provide 

different important functions (Table 1). 

Table 1. A summary of the focal species found in the ecotone and their known ecosystem 

functions. 

Species Known Ecosystem Functions 

Distichlis spicata 

 

Family: Poaceae 

• Rhode Island, USA: High nitrogen uptake in 

above and below ground biomass (Hill et al., 

2018). 

• Coahuila, Mexico: Its rhizobacteria can 

promote growth for other plant species and 

increase tolerance to unfavorable conditions 

(Palacio-Rodríguez et al., 2017). 

• California, USA: Food provision for 

Wandering Skipper butterfly larvae 

(Panoquina errans) (USDA & NRCS, 2022). 

• California, USA: Hosts a variety of different 

moths and butterflies including Sandhill 

Skipper (Polites sabuleti), Wandering Skipper 

(Panoquina errans), Alkali Skipper 

(Pseudocopaeodes eunus), Sachem 

(Atalopedes campestris), and Orange 

Skipperling (Copaeodes aurantiaca) 

(Calscape, 2022e). 

• Florida, USA: Food provision for Florida salt 

marsh vole (Microtus pennsylvanicus 

dukecampbelli) (USDA & NRCS, 2022). 

• Food provision for waterfowl (USDA & 

NRCS, 2022). 

• San Francisco Bay, USA: Breeding habitat for 

Ridgway Rail (Rallus obsoletus), while 

offering nest material for salt marsh vagrant 

shrews (Sorex vagrans halicoetes) (Johnston 
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& Rudd, 1957; Zucca, 1954). 

• California, USA: stabilizes soil in restoration 

projects (USDA & NRCS, 2022). 

Extriplex californica 

 

Family: Amaranthaceae 

• California, USA: Likely habitat to a variety of 

moth and butterfly populations (Calscape, 

2022b). 
 

Jaumea carnosa 

 

Family: Asteraceae 

• California, USA: High nitrogen accumulation 

in total biomass and shoots (measured as N 

crop) (Zedler et al., 2001). 

• California, USA: High ash free total biomass, 

ash free shoot biomass, and shoot biomass 

overall (Zedler et al., 2001). 

• California, USA: High canopy layering (Keer 

& Zedler, 2002). 
 

Frankenia salina 

 

Family: Frankeniaceae 

• California, USA: Likely habitat supporting 

Agdistis americana moth populations 

(Calscape, 2022a). 

• California, USA: High nitrogen accumulation 

(measured as total N crop) (Sullivan et al., 

2007). 

• California, USA: High root biomass and ash 

free root biomass (Zedler et al., 2001). 

• California, USA: High canopy layering (Keer 

& Zedler, 2002). 

• California, USA: High total ash free dry mass 

https://www.google.com/search?rlz=1C1JZAP_enUS889US889&sxsrf=AOaemvLDIOO_oI3Qvv7FrnQ_zmhB_lt9lQ:1640735456887&q=Frankeniaceae&stick=H4sIAAAAAAAAAONgVuLUz9U3SMm1LMl7xGjCLfDyxz1hKe1Ja05eY1Tl4grOyC93zSvJLKkUEudig7J4pbi5ELp4FrHyuhUl5mWn5mUmJqcmpgIADWjLyVQAAAA&sa=X&ved=2ahUKEwjDo8_w14f1AhV8Ap0JHeZPDGYQzIcDKAB6BAgMEAE
https://www.zotero.org/google-docs/?Ynm2UV
https://www.zotero.org/google-docs/?i8PIlA
https://www.zotero.org/google-docs/?qfDczB
https://www.zotero.org/google-docs/?TsBzvB
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(Sullivan et al., 2007). 

• California, USA: High nitrogen accumulation 

in roots (measured as N crop) (Zedler et al., 

2001). 

• San Francisco Bay, CA: 

o Food provision and habitat for the 

larvae of Perizoma custodiata moths 

o Habitat for Anthophora spp. bees 

o Food provision for larvae of strawberry 

crown moth (Synanthedon bibiopennis) 

(Goals Project, 2000). 

 

Salicornia pacifica 

 

Family: Amaranthaceae 

• Important for detritus food web (Mitsch & 

Gosselink, 2000). 

• San Francisco Bay, USA: 

o Habitat for the salt marsh harvest 

mouse (Reithrodontomys raviventris) 

(Shellhammer, 1989). 

o Breeding habitat for Ridgway Rail 

(Rallus obsoletus) (Zucca, 1954). 

o Habitat and nesting material for salt 

marsh wandering shrews (Sorex 

vagrans halicoetes) (Goals Project, 

2000). 

• California, USA: High recruitment rate 

(Armitage et al., 2006; Lindig-Cisneros & 

Zedler, 2002). 

• California, USA: High canopy height (Keer & 

Zedler, 2002). 

• California, USA: High total and ash (per plant) 

biomass (Zedler et al., 2001). 

• California, USA: High shoot biomass 

(Callaway et al., 2003). 

• California, USA: High nitrogen accumulation 

https://www.zotero.org/google-docs/?Lv8n4z
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(measured as total N crop) (Sullivan et al., 

2007). 

• California, USA: Likely habitat for Agdistis 

americana moth populations (Calscape, 

2022d). 

Spergularia macrotheca 

 

Family: Caryophyllaceae 

• California, USA: Habitat supporting orange 

tortrix (Argyrotaenia franciscana) moth 

populations (Calscape, 2022c). 

 

2.4 Rationale for Ecosystem Function Selection 

Salt marshes provide many ecosystem services and functions, and the goal of salt 

marsh restoration generally is to restore this multifunctionality. At Hester Marsh, planting 

five high marsh species was included in restoration design to enhance diversity, with the 

assumption that this would increase multifunctionality. The focus of this investigation is to 

explore the functions provided by these five planted species relative to the unplanted marsh 

dominant, and to determine how these vary with elevation. Due to the limited knowledge 

about functions of these salt marsh species, we designed an approach emphasizing breadth 

– with fairly rapid assessments of many different functions – over depth. We selected 30 

different metrics to characterize. These fall into four general categories of function 

including blue carbon, plant productivity, environmental effects, and community 

interactions. 

2.4.1 Blue Carbon 

Coastal vegetation can store more carbon per unit area than many terrestrial 

vegetation types, and salt marshes excel at this “blue carbon” function (Mcleod et al., 

http://en.wikipedia.org/wiki/Caryophyllaceae
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2011). Salt marsh plant biomass, both belowground and aboveground, provides carbon 

storage, while anaerobic conditions belowground can result in long-term persistence of 

carbon (Brevik & Homburg, 2004; Chmura, 2013). In addition, organic and inorganic 

material from tidal flows deposit or are intercepted by plant biomass, increasing land 

elevation and carbon sequestration (Callaway et al., 1997; Gleason et al., 1979; Li & Yang, 

2009). Specifically, organic material plays a particularly important role for surface 

accretion and carbon storage in salt marshes that are sediment limited (Chmura, 2013; 

Mullen et al., 1999; Watson et al., 2014). Though marshes have high carbon sequestration 

rates, they can also release other greenhouse gases such as methane (CH4) and nitrous 

oxide (N2O), which have greater global warming potentials than carbon dioxide (CO2) 

(Adams et al., 2012; Forster et al., 2007; Livesley & Andrusiak, 2012; Whiting & Chanton, 

2003). While California salt marsh carbon storage is understudied, a recent study indicates 

that salt marshes have carbon sequestration rates twice that of California seagrass beds, 

another blue carbon habitat (Ward et al., 2021). More studies are needed to characterize 

carbon storage and potentially counterbalancing effects of methane and nitrous oxide 

fluxes of California salt marshes, including if individual marsh species can exacerbate or 

ameliorate this phenomenon. We assessed eight metrics related to blue carbon function: 

aboveground plant percent carbon, aboveground plant carbon content, soil percent carbon, 

decomposition rate of green and rooibos tea, and greenhouse gas fluxes (net ecosystem 

exchange (NEE) of CO2 , N2O flux, and CH4 flux) (Table 2). 

2.4.2 Plant Productivity 

Salt marsh plant productivity affects most other functions, both above and 

belowground. In terms of aboveground productivity, photosynthesis increases blue carbon 

function by transforming CO2 into plant biomass (Chmura, 2013). An important compound 

for photosynthesis, water regulation and, therefore, growth is nitrogen (Cavalieri & Huang, 

1981; Drake & Read, 1981). Aboveground features, such as canopy height and cover can 

have implications on other processes such as decreasing wave velocity (Shi et al., 1995; 

Yang et al., 2012). In addition, sufficient plant cover and height are required to provide 

refuge or breeding habitat for a variety of different organisms, notably birds and rodents 

(Goals Project, 2000; Zucca, 1954). Belowground production is an important aspect of salt 

marsh vegetation, as it can increase marsh elevation and decrease erosion (Chmura, 2013; 

Silliman et al., 2019; Turner et al., 2004; van Eerdt, 1985). Plant productivity is also 
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directly related to basic restoration goals such as generating vegetated habitat, and creating 

self-sustaining populations of plants that colonize unplanted areas (Broome et al., 

1988). This is particularly important for our study, as the restoration site was initially bare. 

Therefore, functions such as cover, colonization rate, and reproduction are of great interest 

to restoration managers. We assessed eight metrics related to plant productivity: 

Belowground plant biomass production, plant cover, plant recruitment, reproduction, 

canopy height, plant-based photosynthesis, habitat-based photosynthesis, and aboveground 

plant percent nitrogen (Table 2). 

2.4.3 Environmental Effects 

Plant species can alter the conditions in the habitats they occupy, thereby affecting 

other co-inhabiting plants or animals (Aguiar & Sala, 1994; Zedler et al., 2001). For 

example, Spartina patens and Distichlis spicata have been shown to decrease salinity 

under its canopy, allowing Juncus gerardi to colonize (Bertness, 1991). Changes in habitat 

by plant species can hinder, ameliorate, or have no effect on colonization and growth for 

future species (Connell & Slatyer, 1977). For example, low salinity and high moisture can 

increase germination, growth rate, and thus species composition (Chu et al., 2019; Noe & 

Zedler, 2000; Phleger, 1971; Shumway & Bertness, 1992). Studies comparing the effects 

of ammonium and nitrate enrichment on plant growth indicate that ammonium can increase 

aboveground biomass at higher rates than nitrate (Mendelssohn, 1979). Ammonium 

availability can also impact plant structure, such as stem density, and potentially alleviate 

environmental stressors (MacTavish & Cohen, 2017). Soil redox potential can drive plant 

zonation and alter photosynthetic rates due to varied tolerances for salt marsh plant species 

(Davy et al., 2011; Delaune et al., 1990). Specifically, low redox potential has been 

documented to decrease plant health (Anastasiou & Brooks, 2003). Soil pH can affect plant 

growth and colonization (Broome, 1989; Wherry, 1920). Specifically, low soil pH can 

hinder plant colonization (Broome, 1989). Both soil pH and redox are important factors for 

nutrient availability (Laanbroek, 1990). Lastly, microbial communities are extremely 

important for nutrient cycling and can indicate soil health (Buckeridge & Jefferies, 2007; 

Damashek & Francis, 2018). They can influence the growth of plant species, and therefore 

diversity, but also be influenced by plant species (Bever, 2003; Caravaca et al., 2005). For 

example, certain rhizobacteria can increase plant growth and ameliorate stressful 

conditions, such as salinity (Palacio-Rodríguez et al., 2017). We quantified seven metrics 
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related to alteration of habitat condition by plants: plant litter accumulation, soil salinity, 

soil moisture, soil ammonium, soil pH, soil redox potential, and microbial biomass (Table 

2).  

2.4.4 Community Interactions 

Marsh species can have strong effects on co-occurring plants and animals, either 

facilitating or inhibiting their presence. The marsh-upland ecotone in Elkhorn Slough is 

highly invaded by non-native plants (Wasson & Woolfolk, 2011). Thus, one metric we 

examined was cover by non-native plants to determine if any of the six plant species 

provide more biotic resistance to invasions than others. A second area of interest was 

arthropod communities associated with the different marsh species. Arthropod 

communities are important for connecting lower and higher trophic levels in estuarine food 

webs, and can be used as bioindicators for disturbances and recovery (McCall & Pennings, 

2012; McPhee et al., 2015; Pfeiffer & Wiegert, 1981). These can also include beneficial 

species that managers hope to support, such as native pollinators, or address species with 

negative impacts, such as the invasive Argentine ant (Linepithema humile). The Argentine 

ant has been documented to decrease populations of native ant and other endemic 

arthropod species (Cole et al., 1992; Richmond et al., 2021). We quantified seven metrics 

related to arthropod use and plant invasion, including invasibility, arthropod species 

richness, arthropod total abundance, abundance of the three most common orders 

(Collembola, Coleoptera, and Hymenoptera), and abundance of Argentine ants (Table 2). 
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Table 2. The metrics examined in this study, along with the ecological significance, 

methods, sample size and inclusion of elevation in the sampling design. Yes1= elevation as 

continuous variable, Yes2 = elevation as categorical variable, comparing high vs. low 

samples. Under ecological significance, we highlight one or a few examples of the 

implication of a high or low value for each metric; many of these metrics have complex 

roles in ecosystems and these examples are not meant to be comprehensive. 

Metric Ecological 

Significance 

Methods Sample Size 

(per species) 

Elevation 

Blue Carbon 
    

Aboveground plant 

percent carbon (% 

C) 

Higher values 

indicate species 

storing more 

carbon in plant 

tissue  

Biomass 

harvested and 

analyzed in lab 

for % carbon  

n = 6 No 

Aboveground plant 

carbon content (g C 

m-2) 

Higher values 

indicate higher 

carbon storage per 

unit of habitat area 
 

Biomass 

harvested from 

0.0225 m2 

quadrats, dried, 

weighed, and 

multiplied by % 

carbon  

n = 6 No 

Soil percent carbon 

(% C) 

Higher 

belowground 

carbon indicates 

greater blue carbon 

storage capacity 
 

Soil cores 

analyzed in 

laboratory for 

loss on ignition, 

and converted to 

percent carbon  

n = 6 No 

Decomposition rate 

of green and rooibos 

tea (% change 

month-1) 

Lower 

decomposition rate 

enhances blue 

carbon function 
 

Rooibos and 

green tea bags 

deployed in soil 

for 90 days and 

change in dry 

weight assessed 

n = 12 (some 

were lost when 

retrieving) 

Yes2 
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Gas fluxes: NEE 

CO2 (µmol m-2 s-1), 

N2O flux (µmol m-2 

hr-1), CH4 flux (µmol 

m-2 hr-1) 

Lower gas flux 

values are favored 

for blue carbon 

function, because 

these gases 

contribute to 

climate change 

 

 

In situ gas 

emission survey 

using LGR and 

Picarro gas 

analyzers 

CO2- n = 15 

N2O- n = 7 

CH4- n = 15 

No 

Plant Productivity 
    

Belowground plant 

biomass production 

(g m-2 yr-1) 

Higher 

belowground 

biomass production 

indicates greater 

root production  

In-growth bag 

deployment to 

quantify root 

production; 

laboratory 

analysis for dry 

weight 

n = 12 Yes2 

Plant cover (percent 

cover in focal areas) 

(%) 

Higher cover 

indicates greater 

capacity to quickly 

revegetate a bare 

landscape  
 

Point-intercepts 

along transects 

across uniform 

columns and 

adjacent 

unplanted areas 

planted 

species n = 6 

(354 points), 

Salicornia n = 

5 (885 

points)   

Yes1 

Plant recruitment 

(percent cover 

outside focal areas) 

(%) 

Higher plant 

recruitment to new 

areas is critical for 

colonization of 

bare areas at 

restoration sites 

and continued 

sustainability  
 

Point-intercepts 

along transects 

across uniform 

columns and 

adjacent 

unplanted areas 

planted 

species n = 6 

(2,301 points),  

Salicornia n = 

5 (2,655 

points) 

Yes1 

Reproduction (% of 

plots) 

Higher rates of 

reproduction 

enhance spread to 

new areas and 

species persistence 

at the site  

Presence of 

reproductive 

structures in 

0.25 m2 

quadrats  

n = 12 Yes2 
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Canopy height (cm) Greater canopy 

height is an 

indicator of 

productivity 
 

Tallest plant in 

25 cm radius 

measured in 

dense 

monoculture 

patches 

n = 12 Yes2 

Plant-based 

photosynthesis (CO2 

µmol s-1 kg -1) 

Higher 

photosynthesis rate 

is indicator of plant 

productivity and 

increases carbon 

storage   
 

Net 

photosynthesis 

values collected 

using CI-340 

Handheld 

Photosynthesis 

System, 

normalized by 

dry weight  

n = 10 Yes2 

Habitat-based 

photosynthesis (CO2 

µmol m-2 s-1) 

(same as above) 
 

Gross 

photosynthesis 

values 

calculated from 

in situ gas 

emission survey 

using LGR and 

Picarro gas 

analyzers 

n = 15 No 

Aboveground plant 

percent nitrogen (% 

N) 

 

 

 
 

Higher 

concentrations of 

plant nitrogen can 

indicate higher 

growth rate 

 

 

Biomass 

harvested from 

0.0225 m2 

quadrats, sub-

samples 

analyzed in lab 

for % nitrogen  
 

n = 6 No 

Environmental 

Effects  

    

Plant litter 

accumulation (mm 

yr-1) 

Higher plant litter 

accumulation can 

increase elevation 

and carbon 

sequestration 
 

Accumulation 

on feldspar 

horizon 

assessed  

n = 12 (some 

feldspar were 

unidentifiable) 

Yes2 
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Soil salinity (ppt) Lower salinity 

favors 

survivorship, 

germination rate, 

and growth rate of 

most salt marsh 

plant species 
 

Surface soil 

samples 

analyzed in lab 

for soil salinity  

n = 12 Yes2 

Soil moisture (g 

water/g wet soil) 

Higher soil 

moisture is 

associated with 

higher rates of 

successful 

germination and 

biomass of salt 

marsh plant species 

Surface soil 

samples 

analyzed in lab 

for soil moisture 

n = 12 Yes2 

Soil ammonium (µg 

NH3+4-N/g) 

Higher ammonium 

concentrations can 

increase primary 

productivity by co-

occurring marsh 

plants 

Surface soil 

samples 

analyzed in lab 

for soil 

ammonium 

concentration 

n =12 Yes2 

Soil pH Higher pH can 

promote plant 

colonization 

Surface soil 

samples 

analyzed in lab 

for soil pH 

n =12 Yes2 

Soil redox potential 

(mV) 

Higher soil redox 

potential can 

increase plant root 

health 

Surface soil 

samples 

analyzed in lab 

for soil redox 

potential 

n =12 Yes2 

Microbial biomass 

(µg C/g dry 

sediment) 

 

 

 

 

Higher microbial 

biomass can 

indicate enhanced 

soil health and 

nutrient processing 

Surface soil 

samples 

analyzed in lab 

for microbial 

biomass 

 

n =12 

 

Yes2 
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Community 

Interactions 

    

Invasibility (% cover 

of upland non-native 

plants) 

Lower invasibility 

decreases non-

native cover and 

supports species 

associated with 

natives  
 

Point-intercepts 

along transects 

across uniform 

columns and 

adjacent 

unplanted areas 

within 2.196 m 

NAVD88- 2.098 

m NAVD88  

planted 

species n = 6 

(144 points), 

Salicornia n = 

5 (360 

points)   

No 

Arthropod species 

richness (# 

arthropod 

morphospecies per 

sample) 

Higher arthropod 

species richness 

can indicate 

complex habitat 

structure and 

ecosystem health  

Pitfall trap 

survey 

n = 6 No 

Arthropod total 

abundance and 

abundance of three 

most common 

orders: Collembola, 

Coleoptera, and 

Hymenoptera (# of 

individuals per 

sample) 

Higher arthropod 

abundance can 

indicate ample prey 

base to support 

higher trophic 

levels  

  

Pitfall trap 

survey 

n = 6 No 

Argentine ant 

abundance (# of 

individuals per 

sample) 

Lower abundance 

of this invasive 

species has been 

shown to have 

positive effects on 

native and endemic 

arthropod 

populations  
 

Pitfall trap 

survey 

n = 6 No 
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3 Methods 

3.1 Spatial Design of Restoration Plantings  

All five species were planted in six blocks. Within each block, each species was 

planted in clustered and uniform columns (Figure 2) to evaluate the effects of planting 

pattern on survival and growth (K. Tanner, in prep.). Each clustered or uniform column 

contained 270 individuals, arranged in clusters of nine (with 10 cm spacing among plants) 

or spaced uniformly (with 50 cm spacing among plants). All plants were grown by the 

Elkhorn Slough Reserve and Central Coast Wilds. In between each of the six planted 

blocks were intervening unplanted areas, ranging from 30-50 m in width. 

 

Figure 2. Visual representation of the ecotone planting design, including clustered and 

uniform columns, within the six blocks of the Hester Marsh restoration site. The planting 

order was randomized across blocks, so this is one example of the species order within 

Block 1. The gray dividers are columns for walking. 
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Planted blocks measured ~ 30 x 35 m, with the shorter edge spanning a 30 cm 

elevation range from approximately 1.95 to 2.25 m NAVD88; the latter elevation is only 

attained by the very highest king tide and marks the boundary between marsh and upland. 

At Elkhorn Slough, Mean Lower Low Water (MLLW) is at about 0 NAVD88.  Plantings 

of all five species spanned this elevation gradient where there are strong differences in 

inundation time – 1.95 m NAVD88 is inundated about 92 hours per year, while 2.25 m 

NAVD88 is inundated less than one hour per year (Elkhorn Slough National Estuarine 

Research Reserve, unpublished monitoring data). This strong gradient led us to explore 

whether some of the species’ functions vary across elevation. 

3.2 Sampling Design: Overview  

We collected field data between December 2020-December 2021, using two 

different approaches to characterize ecosystem functions of the five planted and one 

naturally colonizing plant species. The first approach was to characterize the entire planted 

blocks and intervening unplanted areas, including the focal species, bare space, and any 

other species growing. The purpose was to evaluate actual restoration outcomes across a 

larger scale. For this approach, we used transects across the entire elevational gradient of 

the uniformly planted columns, as well as 15 transects in the intervening five unplanted 

areas to assess cover of all plant species. We used this approach for two metrics: plant 

cover and plant recruitment. Invasibility used a modified version of this method, where 

only the highest portion of the elevational gradient was examined per column and 

unplanted area. 

The second approach was used for all other metrics and focused only on the focal 

species themselves, with the goal of characterizing how each species performs when 

growing well. This could not be achieved by taking random or uniform samples along 

transects, because in many cases this would result in sampling bare ground or species other 

than the focal one. We thus selected dense monoculture patches of each species per 

clustered column per planted block, or for Salicornia, in intervening unplanted areas. For 

metrics where we included consideration of elevation, we chose a low and high elevation 

monoculture (~10-20 cm difference in elevation).  
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3.3 Blue Carbon 

3.3.1 Aboveground Plant Percent Carbon and Carbon Content 

Aboveground biomass was assessed on 19 July 2021, at one dense monoculture at 

high elevation per species per clustered column per block. A 15 cm x 15 cm quadrat was 

placed in the dense monoculture of at least 60% target species, then the percent cover was 

estimated and recorded. All aboveground biomass of the focal species was cut within the 

perimeter. Plant biomass was then placed into labeled bags which were air dried for 2 

months. Subsequently, all bags with biomass were dried at 76°C for 24 hours. After drying, 

vegetation was sifted using a 0.5 mm mesh sifter. Any evident soil was removed by hand, 

then weighed to the nearest 0.01 g. The weight was then estimated at a 1-m2 scale.   

Sub-samples of the aboveground biomass were analyzed for percent carbon. 

Percent carbon was measured on sub-samples of aboveground biomass ground to pass 

through #40 standard mesh (0.425 mm) on a Wiley mini-mill (Thomas Scientific, 

Swedsboro, NJ, USA). Samples were analyzed for percent carbon on a Flash EA 113, 

using analysis of duplicates, blanks, and standard reference materials (Yeomans & 

Bremner, 1991). Percent carbon was then multiplied by the dry biomass weight at a 1-m2 

scale to estimate aboveground plant carbon content for analysis. 

3.3.2 Soil Percent Carbon 

Soil cores from 0-30 cm were collected at the same sampling sites as aboveground 

plant percent carbon and carbon content to determine soil percent carbon with an AMS 

sand/loose sediment probe (2.54 cm diameter; AMS, American Falls, ID, USA) on 20 July 

2021 (Kelleway et al., 2017). The top 10 cm were analyzed to account for the root zone of 

small plants. Cores were split into two horizons: 0-5 cm and 5-10 cm. Once back at the lab, 

samples were put on ice, then mailed to Drexel University for analysis. Sediments were 

analyzed for organic content using loss on ignition (Heiri et al. 2001), with a combustion 

time/length of four hours at 550 °C.  

Percent organic carbon was estimated based on loss on ignition (LOI) values, and 

multiplied by 0.4038, based on a regression of percent organic carbon and LOI plotted 

from 500 samples taken from Elkhorn Slough (using a Flash 113 EA; and LOI; r2=0.92; 

p<0.0001) (Yeomans & Bremner, 1991). 
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3.3.3 Decomposition Rate of Green and Rooibos Tea  

The Teabag Index offers a way to standardize decomposition data from different 

ecosystems using the same plant material, green tea being composed of dried Camellia 

sinensis and rooibos tea being composed of Aspalathus linearis (Duddigan et al., 2020; 

Keuskamp et al., 2013). The two tea types decompose at different rates, green tea 

decomposes more quickly, while rooibos tea decomposes more slowly (Duddigan et al., 

2020; Keuskamp et al., 2013). 

Green and rooibos tea bags were used as a proxy for plant litter to compare 

decomposition rates between plant species. Deployments were from 29 June to 23 

September 2021 at one dense monoculture at high and low elevation per species per 

clustered column per block, using a modified version of the protocol from Keuskamp et al. 

(2013). The initial weights of four green and four rooibos Lipton synthetic non-woven 

mesh tea bags were measured, then the empty bag was measured to determine the initial 

weight of the tea. These weights were then averaged. One green tea bag and one rooibos 

tea bag were buried in separate holes 8-10 cm below the surface, 15 cm away from each 

other in each dense monoculture. After 86 days, the bags were retrieved, and soil particles 

adhering to the outside of the bags were removed. The tea bags were then dried at 76 °C 

for 48 hours. Cardboard labels that came with the tea bags and were attached to the string 

were removed by hand, and bags that were torn were discarded. Tea was carefully taken 

out of each bag and weighed. We estimated decomposition by calculating the percent 

change of tea weight per month during the three-month deployment. 

         Decomposition rate = | (Weightfinal – Weightinitial)/(Weightinitial)* 100)/3) |            Eq.1 

3.3.4 Gas Fluxes 

Gas fluxes were quantified from 6-8 July 2021. Fifteen different dense 

monocultures in total were chosen per species within clustered columns throughout blocks 

1-4 due to challenges moving the equipment through high marsh terrain to more distant 

blocks. Measures of CH4, N2O, and CO2 exchange were made using a Picarro G2508 

cavity ringdown spectroscopy greenhouse gas analyzer, while additional measures of CH4 

and CO2 were made using a LGR ultra‐portable greenhouse gas analyzer. Air was 

circulated through static flux chambers (L) to measure gas concentration change over time 

(Martin & Moseman-Valtierra, 2015). A backflow‐prevention valve controlled pressure 
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equilibration within the static chambers. Gas fluxes were measured during light (clear 

chamber) and dark (fabric covered chamber) conditions, each for 5 minutes for each dense 

monoculture. The ideal gas law  

                                                   PV=nRT                                                            Eq.2 

was used to convert concentration changes (ppm-1) to flux values (µmol m-2 s-1) using 

field-measured air temperature and atmospheric pressure. Carbon dioxide, methane, and 

nitrous oxide fluxes were measured during light conditions and dark conditions to ascertain 

whether photosynthesis-mediated fluxes occurred. To characterize conditions across both 

day and night, we averaged the light and dark measurements for methane and nitrous oxide 

fluxes, and used this for our main analyses. Carbon dioxide fluxes are presented as net 

ecosystem exchange, which account for both photosynthesis and respiration. Negative 

values indicate gas uptake, while positive values indicate gas release. When reporting 

photosynthesis values, positive values indicate gas uptake, while negative values indicate 

gas release. Where gas concentration changes were not well modeled by linear regression 

(p > 0.05), flux values were assigned a value of 0.  

3.4 Plant Productivity 

3.4.1 Belowground Plant Biomass Production 

Belowground plant biomass production was quantified between 21 December 2020 

and 14 December 2021 using ingrowth bags (Neill, 1992). One dense monoculture at high 

and low elevations per species per clustered column per block were selected. A dibble stick 

was used to create a 14 cm deep hole within or next to the canopy. Then, a tubular mesh 

bag (1.5 mm mesh), which was open at the top and sewn closed at the bottom (15 cm (L) x 

5 cm (W)) was placed in the hole and filled with sand until flush with the ground. The bags 

were collected by cutting carefully around the outside perimeter using a shovel and 

extracting the bag. After collection, root and rhizome material was separated from sand, 

dried at 60 °C to constant weight, and weighed. Bag height above the ground differed 

slightly between samples, so this was considered by dividing the biomass by the area of the 

bag that was underground. 

   Belowground biomass = (Weightbelowground biomass / (Heightbag* Diameterbag) / 1 yr)    Eq.3 
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3.4.2 Plant Cover, Recruitment, and Reproduction 

Plant cover was assessed using 30 m transects spanning the complete elevational 

gradient of each uniform column per block and 15 sites within intervening unplanted areas 

on 30 June 2021. The seaward (at elevation 1.95 m NAVD88) and landward (at 2.25 m 

NAVD88) ends of each transect were marked with stakes to indicate where the survey 

would take place. Transects were positioned on the interior of uniform columns to avoid 

edge and trampling effects. Point intercepts were taken by dropping a metal rod at 50 cm 

intervals (excluding 0 cm as focal species were planted slightly below this mark) along 

each transect. Plants were identified to species when possible, and broad groupings such as 

“exotic grass” were used as needed. Bare cover was only recorded when the intercept 

touched no live or recently live plant tissue. We calculated percent cover for each planted 

species only from the transects through the focal areas where that species was planted. For 

Salicornia, which was not planted, we used the intervening five unplanted blocks as focal 

areas for calculating percent cover.  

The plant recruitment metric focused on detecting colonization that had occurred 

through seed dispersal and germination. For this metric, we calculated cover of each 

planted species only outside the focal area where it had been planted, including in the 

unplanted blocks. Since Salicornia was not planted, we used all transects to determine its 

recruitment.   

For both plant cover and plant recruitment, we analyzed results in two ways, with 

and without elevation included in the model and visualization. The former provides key 

data for practitioners on overall patterns of cover and recruitment, while the latter shows 

variation along an elevation gradient.  

All of these species are known to flower by July (Calflora, 2022), so reproduction 

was surveyed on 6 July 2021 at one dense monoculture at high and low elevation per 

species per clustered column per block. A 50 x 50 cm quadrat was placed over the center of 

each monoculture and was surveyed and recorded as either reproductive (assigned a value 

of 1) or not reproductive (assigned a value of 0). For monocultures of Frankenia, Jaumea, 

Spergularia, and Salicornia pacifica, areas bearing dried or fresh flowers were recorded as 

reproductive. For Distichlis, spikelets were recorded as reproductive. For Extriplex, the 

small size of reproductive structures inhibited us from distinguishing between fruit, flower, 
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or bud, so any sign of reproductive structures were counted. For all of these species, 

reproductive structures are maintained and visible for many months, so we feel confident 

that flowering that occurred earlier in the year was still visible in July.   

3.4.3 Canopy Height 

Canopy height was surveyed 8 December 2021, at one dense monoculture at high 

and low elevation per species per clustered column per block. A flag was placed in the 

center of the sampling area, and a 25 cm radius was used as a sampling boundary. The 

tallest point of living biomass was recorded from the ground, without lifting the plant, to 

the nearest half centimeter. 

3.4.4 Plant-Based and Habitat-Based Photosynthesis  

Plant-based photosynthesis (measuring net photosynthesis) was assessed 27-29 July 

2021. We sampled one dense monoculture at high and low elevation per species per 

clustered column in blocks 1-5 due to time constraint. Each day, sampling occurred from 

10:00-14:00 (Michelon et al., 2020). The weather was variable and ranged from sunny to 

cloudy, but we ensured that a similar number of measurements were taken for each species 

during varying weather conditions. First, we chose healthy biomass and avoided 

reproductive structures when possible. A 20 mm diameter of biomass was gathered and 

placed in the open system square chamber (25x25 mm, window area of 6.25 cm2) of a CI-

340 Handheld Photosynthesis System. Readings were recorded for six-minute intervals. 

Subsequently, the tissue within the chamber was cut and placed into a labeled bag. The 

tissue was air dried for about two months, then dried at 76 °C for 24 hours and weighed. 

The rates of plant-based photosynthesis were normalized per kg, and averaged over the 6- 

minute interval. Positive values indicate CO2 uptake, negative values indicate CO2  release.  

Methods used for the gas fluxes section were used to find habitat-based 

photosynthesis (gross photosynthesis). Photosynthesis rates were calculated as the 

difference between net ecosystem CO2 exchange which is the, “net exchange of carbon 

between ecosystem and the atmosphere per unit ground area” (Kramer et al., 2002) and 

community respiration, which is the amount of CO2 that is created by organisms of an area 

(Ducklow & Doney, 2013).  

           Gross Photosynthesis= -( NEE CO2 - CR CO2 )                                       Eq. 4 
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Positive values indicate CO2  uptake. Though both plant-based photosynthesis and 

habitat-based photosynthesis measure photosynthetic rate, the former indicates the rate of a 

healthy portion of a plant, given the smaller chamber for measurements. Plant-based 

photosynthesis reports net photosynthesis, which is different than the habitat-based 

photosynthesis (gross photosynthesis) because net photosynthesis includes respiration 

(Wohlfahrt & Gu, 2015). Since habitat-based photosynthesis was able to capture the 

photosynthesis of a larger area, it could be used to measure multiple plants within a dense 

monoculture and includes the respiration of the soil surrounding it, gaining insight into 

photosynthetic capacities at a habitat scale.  

3.4.5 Aboveground Plant Percent Nitrogen 

These values were calculated from the same biomass sub-samples described above 

in the aboveground plant percent carbon and carbon content section. Percent nitrogen of 

the tissue samples was calculated in the laboratory using a Flash EA 113, using analysis of 

duplicates, blanks, and standard reference materials (Yeomans & Bremner, 1991). 

3.5 Environmental Effects 

3.5.1 Plant Litter Accumulation 

Feldspar marker horizons were deployed on 21 December 2021 at one dense 

monoculture at high and low elevation per species per clustered column per block. Dry 

feldspar was added at a thickness of about 1-2 cm, in a 8 cm diameter circle. After 

approximately one year, the feldspar was surveyed by carefully scraping sediment and/or 

litter until the horizon was detected. Then, the height of the litter on top of the feldspar was 

averaged from 3-4 different areas of each feldspar to the nearest millimeter. We initially 

intended to assess sediment accretion as well as litter accumulation, but there was virtually 

no sediment accretion after one year, likely due to the extremely infrequent inundation of 

this high marsh zone. 

3.5.2 Soil Metrics  

To characterize soil salinity, moisture, ammonium, pH and redox potential, we 

performed surface soil sampling on 4 and 19 October 2021. We surveyed one dense 
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monoculture at high and low elevation per species per clustered column per block, where 

118.3 cubic centimeters of soil was taken under the canopy of each species to a depth of 

~2-3 cm.  

To determine the soil salinity from the surface soil samples, methods were modified 

from United States Salinity Laboratory Staff et al. (1954) and Watson & Byrne (2009). 

Fifteen mL of deionized water was added to 8.0 ± 1.0 g of field wet sediment and mixed on 

the vortex mixer for one minute each. After leaving undisturbed for 30 minutes, samples 

were centrifuged for ten minutes at 2500 rpm on an ELMI Centrifuge CM-75. Supernatant 

salinity was measured using a YSI Professional Plus multiprobe meter, and actual salinities 

were back-calculated using soil moisture estimates described below. 

 To determine soil moisture, the initial weight of a 0.616 cm3 volume of field wet 

sediment was measured out, weighed, and dried at 105 °C for at least 24 hours until a 

steady weight was determined. Soil moisture was estimated using methods by Soil Survey 

Staff (2014) by dividing the weight of water by weight of wet soil. 

      Soil Moisture = (Weightwet soil - Weight dry soil/Weightwet soil)     Eq.5  

Soil ammonium was measured using methods modified from EPA Method 4500-

NH3 F (2018). Sediment samples of 8.0 ± 1.0 g wet weight were extracted with 40 mL 1.0 

M KCl, using a VWR DS-500 Orbital Shaker at 100 rpm for 90 minutes. Samples were 

then centrifuged again for 15 minutes at 3500 rpm, and the fixed supernatant was vacuum 

filtered using a 47 mm Whatman glass microfiber filter. Filtrates were kept frozen in 

Nalgene polypropylene vials until analysis. NH3+4-N concentrations were determined 

following the manual phenate method, using a Shimadzu UV-1601 UV-Visible 

Spectrophotometer.  

Soil pH was measured on a 1:1 dry sediment to water mixture (wt/wt) (Soil Survey 

Staff, 2014). Slurries were mixed using a Scilogex MX-S vortex mixer three times for one 

minute, allowing nine minutes rest time between each mixing. The pH was then measured 

directly in the slurries using a Sensorex pH probe on an Orion Star A211 benchtop pH 

meter. 

https://www.zotero.org/google-docs/?RVmcxP
https://www.zotero.org/google-docs/?RVmcxP
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Redox potential was determined directly by measuring samples with an Oakton 

double-junction gel-filled ORP probe on an SPER Scientific Benchtop mV meter, after 

allowing sediments to reach room temperature (Marvin-DiPasquale et al., 2008). 

3.5.3 Microbial Biomass 

Surface soil samples collected from the soil metrics methods were analyzed for 

microbial biomass using the method outlined by McLatchey and Reddy (1988). Soil 

slurries (5.0 g wet weight) were fumigated with ethanol-free chloroform for three days; a 

second set of un-fumigated samples served as controls. Fumigated and non-fumigated 

samples were extracted with 0.5M K2SO4. The soil and extractant were mixed on a vortex 

mixer and shaken for 1 hour, followed by filtration through a glass fiber filter. Solutions 

were analyzed for total organic carbon (TOC) using a Shimadzu total C analyzer. The 

correction value (Ke) used was 0.35 (Voroney et al., 1991).  

3.6 Community Interactions 

3.6.1 Invasibility by Upland Non-Native Plants 

Transect data from the plant cover methods was quantified by focusing on upland 

non-native plants. Non-native species from the grassland were used to assess upland non-

native plant cover, as these are common invaders in the high marsh. We did not include 

marsh non-natives in this invasibility assessment. Only the most landward elevations 

between 2.196 m NAVD88 - 2.098 m NAVD88 were analyzed, as the upland non-native 

plant community was almost entirely limited to this area closest to the upland boundary. 

Transects where the focal plants were planted were used to determine invasibility per 

planted species, and transects within the unplanted areas were used for Salicornia.  

3.6.2 Arthropod Species Richness and Abundance  

Pitfall traps were deployed to investigate arthropod communities from 22-29 July 

2021. One trap was deployed at one dense monoculture at high elevation per species per 

clustered column per block. A hole was dug under or next to dense canopy of the focal 

species, with the container (65 mm diameter x 45 mm height) lip installed flush to the 

ground. Antifreeze (ethylene glycol) was poured to half fill the container. Midway through 
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the survey, one of the Spergularia pitfall traps had a small portion of the antifreeze 

missing, while another one of the Spergularia traps had been shifted but still contained 

antifreeze. Both were repositioned and refilled.  

Arthropods in the samples were first sorted into orders, then into morphospecies 

within these specific orders, and counted. Morphospecies were deemed unique based on 

characteristics such as overall body shape, size, color, hairiness, eye color, size, and 

position. Additional characteristics were used to distinguish morphospecies of certain 

orders (Table 3). Total species richness and abundance of all morphospecies were 

calculated per sample. Abundance of the top three orders and the Argentine ant were 

further analyzed. Hymenoptera abundance did not include the Argentine ant 

morphospecies, as it was being analyzed separately.  

Table 3. Characteristics used to distinguish morphospecies by order.  

Order  Distinguishing Characteristics  

Coleoptera Antennae shape/size, shape of pronotum and posterior pronotal margin, 

shape of tarsi, number and shape of tarsal segments.  

Araneae Eye size, number, color, and position. 

Diptera Size/color of compound eye, antennae length/segmentation, and wing 

venation/cell arrangement.  

Lepidoptera Proportion of head to body, head shape, and proleg characteristics of 

larvae. 

Isopoda Body shape, length/size of pleotelson and antennae.  

Hymenoptera 

 

 

 

 

 

 

 

Wing venation/cell arrangement, antennae length/segmentation. 
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3.7 Data Analysis and Visualizations  

3.7.1 Data Analysis for Individual Metrics 

We used the dyplr and tidyverse packages in RStudio 4.1.1 to manipulate and 

explore the various datasets (RStudio Team, 2021; Wickham et al., 2019, 2021). This was 

important to subset, reorganize, and apply equations/commands to datasets.  

 All statistical analyses were performed in R 4.1.1 (RStudio Team, 2021). We built 

generalized linear models (GLMs) using lme4 and MASS packages, choosing the most 

appropriate family for each dataset (Bates et al., 2015; Venables & Ripley, 2002). All 

GLMs were built using the lme4 package, except when creating negative binomial GLMs, 

which were built using the MASS package (not supported by the lme4 package). We built 

binomial GLMs with logit link functions for reproduction, plant cover with elevation, and 

recruitment with elevation datasets. We used gamma GLMs with inverse link functions for 

the canopy height and aboveground plant carbon content datasets. An inverse gaussian 

GLM with the 1/μ2 link function was used for the belowground plant biomass production 

dataset. A gaussian GLM with the identity link function was used for the pH, soil percent 

carbon, aboveground plant percent carbon, aboveground plant percent nitrogen, CH4 flux, 

N2O flux, NEE CO2, plant-based photosynthesis, habitat-based photosynthesis, soil 

ammonium, soil moisture, soil salinity, plant litter accumulation, soil redox potential, 

microbial biomass, green tea, and rooibos tea datasets. A negative binomial GLM with the 

log link function was used for plant cover without elevation, plant recruitment without 

elevation, arthropod total abundance, Collembola total abundance, Coleoptera total 

abundance, Hymenoptera total abundance, and Argentine ant total abundance datasets. For 

plant cover and recruitment datasets involving elevation, as well as invasibility, each point 

intercept was a replicate in modeling (for invasibility, percent cover per block was used for 

boxplot visualization). For plant cover and recruitment elevation gradient visualizations, 

percent cover per elevation increment was used per species. For modeling and creating 

boxplot visualizations of plant cover and recruitment datasets, the percent cover per block 

was used. Lastly, we built a poisson GLM with the log link function for arthropod species 

richness and invasibility datasets. All GLMs included species as a main effect; when 

elevation was also considered in the sampling design, GLMs included species, elevation, 

and their interaction. 
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We removed outliers when all glm model options and data transformations were 

tried, and model assumptions were still violated. Outliers that were two standard deviations 

away from the mean were removed from the species richness, soil pH, canopy height, 

plant-based photosynthesis, soil redox potential, green tea, nitrous oxide flux, methane 

flux, and salinity datasets to improve model fit or because they were clear sampling errors.  

We used the DHARMa package to plot model residuals against the predicted 

values, with both a quantile-quantile plot and quantile regression, testing for deviations 

from the expected distribution, underdispersion or overdispersion, and outliers (Hartig, 

2021). Zero inflation tests were also used for zero enriched datasets as appropriate (Hartig, 

2021). We plotted residuals against specific categorical predictors relevant to each model 

(such as species or elevation) to test for uniformity and homogeneity of variances between 

variables (Hartig, 2021). Models for some datasets deviated from one or more assumptions, 

so we chose the best-fitting model in these cases. Except as noted below, models met 

assumptions. Finally, we used the Anova function from the car package (Fox & Weisberg, 

2019) to generate Type III p-values (suitable for unbalanced data) to determine the 

significance of main effects and their interactions. 

3.7.2 Model Fitting Issues and Amendments 

When modeling the plant litter data, it was zero-inflated (p <2.2E-16). To 

ameliorate this problem, a small constant (0.001) was added, and a square root 

transformation was used with the gaussian model (identity link). Once data was 

transformed, all model assumptions were met.  

We encountered some difficulties when modeling the green tea dataset. When 

plotting model residuals against elevation as a predictor, Levene’s Test for Homogeneity of 

Variance was significant. Models such as inverse gaussian, gaussian, and gamma were 

attempted, as well as raw data, data with outliers removed and data transformations (square 

root, log, and normalization) were tested, and this issue remained. Overall, model 

diagnostics showed a better fit for data with outliers removed with the gaussian model (link 

identity), but still indicated that the Levene’s Test for Homogeneity of Variance was 

significant with elevation as a predictor (p= 0.03913). We report the results of this model 

below, however, since we could not entirely eliminate this issue, p-values should be 

considered approximate. 
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Issues were encountered when modelling the microbial biomass dataset. We tried 

the gaussian model with raw data, but model assumptions were violated. When raw data 

was square-root transformed, model assumptions were met using the gaussian model 

(identity link).  

3.7.3 Data Representation and Interpretation 

The boxplot, bar graphs, and scatter plots were made using ggpubr and ggplot2 

packages in RStudio 4.1.1 (Kassambara, 2020; RStudio Team, 2021; Wickham, 2016). The 

graphs are grouped by elevation vs. non-elevation per function category, and are presented 

in order by text. The mean (black dot) was used to interpret the performance of each plant 

species, though the median within each boxplot is also represented as the horizontal line 

within each boxplot. At the top of each graph, we listed species, elevation, and/or the 

species x elevation interaction only if it was significant in the statistical model, with 

asterisks representing standard levels of significance (* <0.05, **<0.01, ***<0.001).  

3.7.4 Multivariate Analyses  

We used a suite of non-metric multidimensional (nMDS) scaling approaches in 

Primer (Clarke & Gorley, 2015) to examine whether the six species differed across all 

arthropod morphospecies combined. To analyze the arthropod community composition 

visually, an nMDS ordination was performed on a Bray-Curtis resemblance matrix of data 

square-root transformed to decrease the contribution of the most abundant species. Next, 

an analysis of similarities (ANOSIM) was performed with the resemblance matrix to 

determine whether species differed significantly in arthropod community composition. 

Lastly, a similarity percentages (SIMPER) analysis was applied to the untransformed data 

to determine which morphospecies contributed the most to the significant differences 

among the plant species. 

We used the same approach to examine whether the six plant species differed 

across all metrics combined. We transformed the raw values of samples using Primer’s 

normalization function, then calculated a similarity matrix using Euclidean distance 

(Clarke & Gorley, 2015). An ordination was used to visualize the distribution of samples, 

ANOSIM was performed to determine whether plant species differed significantly, and 
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SIMPER was conducted to determine which metrics contributed the most to significant 

differences among species.  

In addition, to create a summary table of all metrics combined, we normalized the 

average value for each metric for each species: we divided the average value for each 

species by the maximum (or minimum) average value for any species depending on its 

valuation from a restoration perspective (such that one of the six species had a value of 

100% for each function, and all the others were lower/higher). This allowed easy 

visualization of patterns, such as determining whether each plant species scored highest or 

lowest for some metric, or whether there was a universal “winner” that scored the best on 

the majority of the metrics.  

Lastly, we performed Primer’s Draftsman Plot function (Clarke & Gorley, 2015), 

using the same data as in the nMDS to visually examine relationships among metrics, and 

calculated Pearson Correlation coefficient among all metric pairs.  
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4 Results 

Table 4 summarizes the generalized linear model results, and Appendix B contains 

all average values by species for each metric. Below, each category of metrics will be 

discussed, first describing trends from each boxplot/graph, then the generalized linear 

model results are stated.  

4.1 Blue Carbon 

4.1.1 Aboveground Plant Percent Carbon and Carbon Content 

Distichlis had the highest percent carbon of aboveground biomass, while Salicornia 

had the lowest (Figure 3A). Aboveground percent carbon significantly varied by species 

(Table 4).  

Frankenia had the highest aboveground plant carbon content, while Spergularia 

had the lowest (Figure 3B). On average, Frankenia had about six and a half times more 

aboveground plant carbon content than Spergularia. Species had a significant effect on 

aboveground plant carbon content (Table 4). 
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Figure 3. Metrics related to blue carbon function analyzed without elevation. A: 

Aboveground plant percent carbon (analyzed in laboratory from biomass), B: 

Aboveground plant carbon content (product of dry weight and percent carbon), C: Soil 

percent carbon (analyzed from top 0-10 cm of soil cores), D: Net ecosystem CO2 exchange 

(sum of gross photosynthesis and CO2 respiration), E: Nitrous oxide flux (average of light 

and dark conditions), F: Methane flux (average of light and dark conditions). When 

Species was a significant factor in the statistical model for a metric, it was listed at the top 

of the graph with asterisks denoting standard significance levels (defined in Table 4).  

4.1.2 Soil Percent Carbon 

Spergularia had the highest soil percent carbon, while Distichlis had the lowest 

(Figure 3C). On average, Spergularia had about twice the soil percent carbon than the 

lowest species, Distichlis. Species had a marginally significant effect on soil percent 

carbon (Table 4). The graph, model summary, and generalized linear model results of 

percent carbon for the full core depth (0-30 cm) can be found in Appendix CI and D.  
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4.1.3 Decomposition Rate of Tea 

 Distichlis at high elevation had the lowest decomposition rate of green tea, while 

Frankenia at low elevation had the highest (Figure 4A). Overall, high elevation had, on 

average, lower decomposition rates of green tea compared to low elevation. Decomposition 

rate of green tea significantly varied by elevation, but not by species. There was also no 

significant interaction between elevation and species (Table 4).  

 Salicornia at low elevation had the lowest decomposition rate of rooibos tea, while 

Extriplex at low elevation had the highest (Figure 4B). Salicornia at low elevation had 

about three times less decomposition than Extriplex at low elevation. Overall, low 

elevation had lower decomposition rates of rooibos tea compared to high elevation. 

Decomposition of rooibos tea did not vary significantly by species or by elevation. There 

was also no significant interaction between elevation and species (Table 4).  

 

Figure 4. Metrics related to blue carbon function analyzed with elevation. A: 

Decomposition rate of green tea (estimated from the dry weight of green tea), B: 

Decomposition rate of rooibos tea (estimated from the dry weight of rooibos tea). When 

Species, Elevation, or Species x Elevation was significant in the statistical model for a 

metric, it was listed at the top of the graph with asterisks denoting standard significance 

levels (defined in Table 4). 
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4.1.4 Gas Fluxes 

 Distichlis and its soil had the lowest net ecosystem CO2 exchange, while Extriplex 

had the highest (Figure 3D). All species indicated, on average, higher rates of 

photosynthesis than respiration, indicated by negative values. Net ecosystem CO2 exchange 

significantly varied by species (Table 4).  

Spergularia and its soil had the highest nitrous oxide flux, while Distichlis had the 

lowest (Figure 3E). All species averaged nitrous oxide release instead of uptake, indicated 

by positive values. Nitrous oxide flux did not vary significantly by species (Table 4).  

Distichlis and its soil had the highest methane flux, while Jaumea had the lowest 

(Figure 3F). The species varied with average methane release and uptake. Distichlis, 

Extriplex, Frankenia, and Spergularia had positive average values indicating methane 

release. Whereas Jaumea and Salicornia had negative average values indicating methane 

uptake. Methane flux did not vary significantly by species (Table 4).  

 Graphs, model summaries, and generalized linear model results of CO2, CH4, and 

N2O fluxes in both light and dark conditions can be found in Appendix CII-CIV and 

Appendix D.  

4.2 Plant Productivity 

4.2.1 Belowground Plant Biomass Production 

Frankenia at high elevation had the highest belowground plant biomass production, 

while Spergularia at low elevation had the lowest (Figure 5A). On average, Frankenia at 

high elevation had about six and a half times more belowground biomass production than 

Spergularia at low elevation. Belowground plant biomass production varied significantly 

by species, but not by elevation. There was also no significant interaction between 

elevation and species (Table 4).  
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Figure 5. Metrics related to plant productivity function analyzed with elevation. A: 

Belowground plant biomass production (dry weight of belowground biomass scaled to 

m2/year), B: Reproduction (percent of quadrats of each species with reproductive 

structures present), C: Canopy height (tallest plant tissue in 25 cm radius of dense 

monoculture), D: Plant-based net photosynthesis (standardized per kg). When Species, 

Elevation, or Species x Elevation was significant in the statistical model for a metric, it 

was listed at the top of the graph with asterisks denoting standard significance levels 

(defined in Table 4). 

4.2.2 Plant Cover, Recruitment, and Reproduction 

Frankenia had the highest plant cover, while Extriplex had the lowest (Figure 6A). 

On average, Frankenia had about seven times more cover than Extriplex, five and a half 

times more cover than Spergularia, and three times more cover than Jaumea and 

Distichlis. Most of the species had increasing cover at higher elevation, while Extriplex 

cover was fairly consistent across elevation and Salicornia cover declined slightly with 

elevation (Figure 7A). Plant cover significantly varied by species and by elevation, and 

there was a significant interaction between elevation and species (Table 4).  
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Figure 6. Metrics related to plant productivity function analyzed without elevation. A: 

Plant cover (for planted species, only in the transects where they were planted; for 

Salicornia, in transects within unplanted areas), B: Habitat-based gross photosynthesis 

(using equation: Gross photosynthesis= -(NEE CO2 - CR CO2)), C: Plant recruitment 

(percent cover of each species only in transects where they were not planted), D: 

Aboveground plant percent nitrogen (analyzed from biomass in laboratory). When Species 

was a significant factor in the statistical model for a metric, it was listed at the top of the 

graph with asterisks denoting standard significance levels (defined in Table 4). 
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Figure 7. Metrics related to plant productivity function analyzed with elevation as a 

continuous variable. A: Plant Cover (percent cover across NAVD88 elevation in transects 

where planted, except for Salicornia; linear model predictions and 95% CI), B: 

Recruitment (percent cover across NAVD88 elevation in transects where species were not 

planted). When Species, Elevation, or Species x Elevation was significant in the statistical 

model for a metric, it was listed at the top of the graph with asterisks denoting standard 

significance levels (defined in Table 4). 

Salicornia had the highest cover resulting from recruitment, which on average, was 

about 48 times greater than the next highest species, Spergularia (Figure 6C). Distichlis 

and Extriplex had zero recruitment – they were only found in the columns where they had 

been planted. Salicornia had the highest recruitment within mid-elevation portions of the 
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columns, decreasing at both high and low elevations (Figure 7B). Spergularia and 

Frankenia had highest recruitment in the mid-high elevations, while Jaumea recolonized at 

lower elevations (Figure 7B). Plant recruitment significantly varied by species, but not by 

elevation, and there was a significant interaction between elevation and species (Table 4). 

Qualitative assessments via broader area searches for species outside of their planted zones 

confirmed that very little growth from seedlings occurred for any species except Salicornia 

and Spergularia.  

Extriplex, Frankenia, and Spergularia at both high and low elevation, along with 

Jaumea at high elevation have the highest percentage of plots with reproductive plants, 

with 100% of the plots surveyed being reproductive (Figure 5B). Distichlis at low 

elevation had the lowest percentage of plots with reproductive plants. The species that had 

the highest percent of plots with reproductive plants (Extriplex, Frankenia, Spergularia, 

and Jaumea at high elevation) had, on average, about six times more reproduction than 

Distichlis at low elevation. Reproduction significantly varied by species, but not by 

elevation, and there was no significant interaction between elevation and species (Table 

4).  

4.2.3 Canopy Height 

Salicornia at high elevation had the highest canopy height, while Jaumea at low 

elevation had the lowest (Figure 5C). Salicornia at high elevation was, on average, about 

four and a half times taller than Jaumea at low elevation. Overall, canopy height was 

greater at high elevation than low elevation. The largest variation between high and low 

elevation was for Distichlis, where the height at high elevation was about twice that at low 

elevation (on average). Canopy height varied significantly by species and by elevation, but 

there was no significant interaction between elevation and species (Table 4).  

4.2.4 Plant-Based and Habitat-Based Photosynthesis 

 Frankenia at high elevation had the highest rate of plant-based photosynthesis, 

while Jaumea at low elevation had the lowest (Figure 5D). Plant-based photosynthesis 

was, on average, higher at high elevation than low elevation among species (Figure 

5D). Plant-based photosynthesis varied significantly by species and by elevation, but there 

was no significant interaction between elevation and species (Table 4).  



 

 

  
 

47 

 Distichlis had the highest habitat-based photosynthesis, while Extriplex had the 

lowest (Figure 6B). On average, Distichlis had about four and a half times more net 

photosynthesis than Extriplex. Habitat-based photosynthesis varied significantly by species 

(Table 4).  

4.2.5 Aboveground Plant Percent Nitrogen 

 Jaumea had the highest percent nitrogen of aboveground biomass, while Extriplex 

had the lowest (Figure 6D). Jaumea also had the highest variation of aboveground plant 

percent nitrogen. Species had a marginally significant effect on aboveground plant percent 

nitrogen (Table 4). 

4.3 Environmental Effects  

4.3.1 Plant Litter Accumulation 

Frankenia at high elevation had the highest plant litter accumulation, while 

Salicornia at low elevation had the lowest (Figure 8A). On average, Frankenia at high 

elevation had about seven times more litter accumulation than Salicornia at low elevation. 

Litter accumulation varied significantly by species, but not by elevation. There was also no 

significant interaction between elevation and species (Table 4).  
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Figure 8. Metrics related to environmental effects function analyzed with elevation. A: 

Plant litter accumulation (measured using feldspar horizon), B: Soil salinity (taken from 

surface soil samples), C: Soil moisture (estimated from surface soil samples), D: Soil 

ammonium (estimated from surface soil samples), E: Soil pH (estimated from surface soil 

samples), F: Soil redox potential (estimated from surface soil samples), G: Microbial 

biomass (with one sample of 1.7 ug C from Frankenia excluded for visual purposes; 

estimated from surface soil samples). When Species, Elevation, or Species x Elevation was 

significant in the statistical model for a metric, it was listed at the top of the graph with 

asterisks denoting standard significance levels (defined in Table 4). 
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4.3.2 Soil Metrics 

Soil salinities were extremely high overall. Distichlis at low elevation had the 

highest soil salinity, while Frankenia at low elevation had the lowest (Figure 8B). 

Distichlis at low elevation, on average, had about 2.5 times the salinity of Frankenia at low 

elevation. Soil salinity varied significantly by species, but not by elevation. There was also 

no significant elevation and species interaction (Table 4).  

 Frankenia at low elevation had the highest soil moisture, while Distichlis at high 

elevation had the lowest (Figure 8C). Overall, soil moisture was higher at low elevation 

than high elevation. Soil moisture varied significantly by species and by elevation. There 

was no significant elevation and species interaction (Table 4).  

 Extriplex at high elevation had the highest soil ammonium, while Salicornia at low 

elevation had the lowest (Figure 8D). On average, Extriplex at high elevation had about 

twice the ammonium concentration than Salicornia at low elevation. Overall, there was 

higher ammonium concentration at high elevation than low elevation. Soil ammonium 

varied significantly by elevation, but not by species. There was also no significant 

interaction between elevation and species (Table 4).  

 Distichlis at low elevation had the highest pH, while Distichlis at high elevation 

had the lowest pH (Figure 8E). On average, low elevation had the highest pH values 

among species. Soil pH varied significantly by species and by elevation, and there was a 

significant interaction between elevation and species (Table 4).  

 Distichlis at low elevation had the highest redox potential, while Distichlis at high 

elevation had the lowest (Figure 8F). Overall, species had a marginally significant effect on 

soil redox potential, while elevation did not. There was also no significant interaction 

between elevation and species (Table 4).   

4.3.3 Microbial Biomass 

Frankenia at low elevation had the highest microbial biomass (a single strong 

outlier drove the average for Frankenia at low elevation above Extriplex at high elevation, 

Salicornia at low elevation, and Distichlis at high elevation), while Jaumea at high 

elevation had the lowest (Figure 8G). Microbial biomass did not vary significantly by 
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species or by elevation. There was also no significant interaction between elevation and 

species (Table 4).  

4.4 Community Interactions 

4.4.1 Invasibility 

Columns planted with Spergularia had the most non-native upland cover, while 

those planted with Frankenia had the least (Figure 9A). On average, Spergularia columns 

had about three and a half times more non-native upland cover than Frankenia. Upland 

exotic cover varied significantly by species (Table 4).  

4.4.2 Arthropod Species Richness and Community Composition 

 Jaumea had the highest arthropod species richness, while Salicornia had the lowest 

(Figure 9B). Species had a marginally significant effect on arthropod species richness 

(Table 4).  

Overall, the plant species did not show clear separation in their arthropod 

community composition in the nMDS, but there was some distinctiveness for Distichlis, 

Jaumea, and Frankenia (Appendix E). The ANOSIM analysis revealed that plant species 

differed significantly in arthropod community composition (R= 0.143, P= 0.002). Analysis 

through pairwise comparisons revealed that Distichlis had a significantly different 

arthropod community composition than the other four planted species, but not Salicornia 

(Appendix F). Jaumea had a marginally significant different arthropod community 

composition than Frankenia and Extriplex (Appendix F). A few morphospecies were the 

top four contributors to all the significant pairwise differences among plant species – the 

single most abundant morphospecies of Coleoptera, Hymenoptera, Collembola, Acari, and 

Thysanoptera accounted for differences among plant species (Appendix F).  

 

 

 

 



 

 

  
 

51 

 

Figure 9. Metrics related to community interactions analyzed without elevation. A: 

Invasibility (percent of non-native upland cover within respective columns), B: Arthropod 

species richness (estimated from pitfall traps as total number of arthropod species), C: 

Arthropod total abundance (estimated by counting individuals per pitfall trap sample), D: 

Collembola total abundance (estimated by counting Collembola individuals per pitfall trap 

sample), E: Coleoptera total abundance (estimated by counting Coleoptera individuals per 

pitfall trap sample), F: Hymenoptera total abundance (estimated by counting Hymenoptera 

individuals per pitfall trap sample, excluding Argentine ant individuals), G: Argentine ant 

total abundance (with one sample containing 300 individuals from Frankenia excluded for 

visual purposes; estimated by counting individuals per pitfall trap sample). When Species 

was a significant factor in the statistical model for a metric, it was listed at the top of the 

graph with asterisks denoting standard significance levels (defined in Table 4). 
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4.4.3 Arthropod Abundance  

 Jaumea had the highest total arthropod abundance (Figure 9C). On average, 

Extriplex had the lowest abundance, but we generally observed the fewest arthropods in 

Frankenia (a single strong outlier drove the Frankenia average above Extriplex). On 

average, Jaumea had about twice the arthropod abundance as Extriplex. Species did not 

have a significant effect on arthropod abundance (Table 4).  

 Jaumea had the highest Collembola abundance, while Extriplex and Frankenia had 

the lowest (Figure 9D). On average, Jaumea had about 12 and a half times more 

Collembola present than Extriplex and Frankenia. Species had a significant effect on 

Collembola abundance (Table 4).  

 Extriplex had the highest Coleoptera abundance, while Frankenia had the lowest 

(Figure 9E). On average, Extriplex had about four times the abundance of Coleoptera than 

Frankenia. Species had a marginally significant effect on Coleoptera abundance (Table 4).  

 Jaumea had the highest Hymenoptera abundance, while Distichlis had the lowest 

(Figure 9F). On average, Jaumea had about two and a half times the abundance of 

Hymenoptera than Distichlis. Species does not have a significant effect on Hymenoptera 

abundance (Table 4).  

 Frankenia had the highest Argentine ant abundance, while Salicornia had the 

lowest (Figure 9G). On average, Frankenia had about ten and a half times more Argentine 

ants than Salicornia. Species had a significant effect on Argentine ant abundance (Table 

4).  

Graphs, model summaries, and generalized linear model results of all other 

morphospecies abundances by orders per plant species can be found in Appendix G and H. 
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Table 4. Summary of metrics and generalized linear model results using Anova test from 

the car package, LR Chisq and p-values are rounded to two significant figures, significant 

codes * <0.05, ** <0.01, *** <0.001 (Fox & Weisberg, 2019).  

Metric Predictor LR Chisq P-value 

Aboveground plant percent carbon Species 84 2.2E-16 *** 

Aboveground plant carbon content Species 53 3.2E-10 *** 

Soil percent carbon Species 9.8 0.0806 . 

Decomposition rate of green tea Elevation 9.3 0.0023 ** 

 

Species 6.02 0.304 

 

Elevation × 

Species 4.8 0.44 

Decomposition rate of rooibos tea Elevation 0.92 0.34 

 

Species 5.4 0.37 

 

Elevation × 

Species 8.9 0.11 

Gas flux- NEE CO2 Species 74 1.6E-14 *** 

Gas flux-N2O Species 3.07 0.69 

Gas flux-CH4 Species 3.03 0.70 

Belowground plant biomass production Elevation 0.015 0.902 

 

Species 19.0 0.0019 ** 

 

Elevation × 

Species 2.2 0.83 
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Plant cover without elevation Species 165 < 2.2E-16 *** 

Plant cover with elevation Elevation 32 1.5E-08 *** 

 

Species 54 2.0E-10 *** 

 

Elevation × 

Species 48 3.3E-09 *** 

Plant recruitment without elevation Species 701 < 2.2E-16 *** 

Plant recruitment with elevation Elevation 0.0 1.00 

 

Species 47 4.8E-09 *** 

 

Elevation × 

Species 37 5.2E-07 *** 

Reproduction Elevation 0.0 1.00 

 

Species 43 4.1E-08 *** 

 

Elevation × 

Species 0.77 0.98 

Canopy height Elevation 8.2 0.0043** 

 

Species 160 <2.2E-16 *** 

 

Elevation × 

Species 7.5 0.19 

Plant-based photosynthesis Elevation 5.9 0.015 * 

 

Species 12 0.038 * 

 

Elevation × 

Species 3.5 0.63 
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Habitat-based photosynthesis Species 69 1.8E-13 *** 

Aboveground plant percent nitrogen Species 9.6 0.087 . 

Plant litter accumulation Elevation 1.05 0.31 

 

Species 36 8.9E-07 *** 

 

Elevation × 

Species 2.2 0.83 

Soil salinity Elevation 1 0.31 

 

Species 38 4.3E-07 *** 

 

Elevation × 

Species 5.2 0.39 

Soil moisture Elevation 4 0.046 * 

 

Species 11 0.045 * 

 

Elevation × 

Species 3.1 0.68 

Soil ammonium Elevation 5.2 0.023 * 

 

Species 9.2 0.1005 

 

Elevation × 

Species 2.7 0.74 

Soil pH Elevation 57 3.5E-14 *** 

 

Species 14 0.017 * 

 

Elevation × 

Species 13 0.02 * 
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Soil redox potential Elevation 1.9 0.17 

 

Species 11 0.059 . 

 

Elevation × 

Species 8.05 0.15 

Microbial Biomass Elevation 0.73 0.39 

 Species 3.9 0.57 

 

Elevation × 

Species 9.1 0.105 

Invasibility Species 48 3.8E-09 *** 

Arthropod species richness Species 9.4 0.094 . 

Arthropod total abundance Species 4 0.505 

Collembola abundance Species 18 0.0024 ** 

Coleoptera abundance Species 9.6 0.086 . 

Hymenoptera abundance Species 5.1 0.401 

Argentine ant abundance Species 16          0.0066 ** 

 

4.5 Overall Performance of Metrics 

Overall, the multivariate analyses revealed that plant species differed significantly 

across all combined metrics (ANOSIM R = 0.5, P = 0.001). The nMDS ordination clearly 

shows that Frankenia, Salicornia, and Distichlis have a distinct separation from all other 

species (Figure 10). The other three species have some separation, but overlap with each 

other. 
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Figure 10. nMDS ordination of all metrics (performed on a Bray-Curtis resemblance 

matrix of normalized data). 

Most comparisons among pairs of plant species in the ANOSIM were significant, 

except Extriplex and Spergularia, Jaumea and Spergularia, and Extriplex and Jaumea. The 

top metrics contributing the most to contrasts among pairs of species varied; the most 

frequent contributors across all significant pairwise comparisons were four of the plant 

productivity metrics (plant cover, reproduction, canopy height, and plant-based 

photosynthesis) (Table 5). Though other metrics from blue carbon, environmental effects, 

and community interactions also contributed to contrasts among pairs of species (Table 5). 

 

 

 

 

 

 

 

 



 

 

  
 

58 

Table 5. Significant pairwise comparisons of plant species across all metrics. The first 

column shows the pairwise comparison; the second and third the ANOSIM R and P, 

respectively. The remaining columns show the metrics that contributed most to the 

difference among pairs in the SIMPER analysis. (+) means the first plant species listed had 

a higher average value on that metric than the second plant species listed for the metric, (-

) the opposite. The last row indicates the frequency that each metric contributed to the 

difference among pairs. 

 

The normalized summary table also highlights contrasts in multifunctionality across 

species. Each species had a different pattern of scores across the metrics. Overall, 

Frankenia scored 100% on the most metrics (12 total).  Jaumea followed, scoring 100% on 

6 of the metrics. While Distichlis, Extriplex, and Salicornia scored 100% on four metrics 

each. Lastly, Spergularia scored 100% on two of the metrics (Table 6). 
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Table 6. Relative performance of plant species across metrics. White indicates target levels 

and color get darker as values get farther away from 100%. The average value for each 

species for each metric was converted to the percent of the highest average value for any 

of the six species. The highest average value is thus 100% and is shown as white; values 

from 50-99.9% of this are shown in light blue, and values below 50% in dark blue. Since 

soil redox contained negative values, dark blue indicates values above 150.1%. This color 

coding conveys performance for most metrics, where high values are desirable from a 

conservation or management perspective. However, for eight metrics (*), lower values are 

desirable. For these, values 100.1-150% of the lowest average value are colored light blue, 

and values above this are dark blue. For two of these metrics (NEE CO2 and CH4), there 

were negative values so dark blue indicates any value below 50%.  
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Few strong correlations were found among the 30 metrics. Out of 435 possible 

pairwise comparisons, only 12 had a Pearson correlation coefficient ≥|0.5|, and only three 

of these were >|0.7|: 1) habitat-based photosynthesis and net ecosystem CO2 exchange, 2) 

arthropod total abundance and Argentine ant abundance, and 3) Argentine ant abundance 

and microbial biomass (Appendix I). 
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5 Discussion 

Overall, the focal plant species had strong contrasts in individual metrics, and 

within each broader category of specific functions (blue carbon, plant productivity, 

environmental effects, community interactions). This is one of the only studies from the 

west coast of the United States exploring the differences in salt marsh species function, and 

one of the first studies comparing species performance in a restoration site. By conducting 

the species comparisons in uniform conditions at a new restoration site, we ensured that 

any species differences were due to the species, as opposed to different environmental 

conditions that existed before areas were colonized by the species. In contrast, when 

sampling naturally occurring patches of different species in existing marshes, it can be 

difficult to untangle differences (in metrics such as soil conditions or arthropod 

communities, for instance) that are due to the plant species or due to differences in 

environmental conditions. Moreover, conducting this study at a restoration site means our 

findings are directly relevant to informing salt marsh restoration design and planting 

palettes for other sediment addition projects.  

5.1 Contrasts in Functions Among Salt Marsh Species 

5.1.1 Blue Carbon  

 Salt marshes are important habitats for climate change mitigation as they have high 

rates of carbon sequestration (Chmura et al., 2003) and carbon accumulation in its soils can 

allow for long term storage of carbon (Brevik & Homburg, 2004). We found strong 

differences among these six species in blue carbon functions. The different metrics showed 

contrasting patterns. For instance, Frankenia had the highest aboveground plant carbon 

content, Salicornia had the lowest decomposition rate of rooibos tea, Distichlis had the 

highest aboveground plant percent carbon, while Spergularia had the highest soil percent 

carbon. Notably, the focal species that had succulent leaves (Jaumea and Salicornia) had 

the lowest aboveground plant percent carbon. Another surprising result was that 

Spergularia had the highest soil percent carbon, even though this species had very limited, 

delicate aboveground biomass relative to the lush, tall growth of Salicornia and Frankenia 

in 2021. In the first growing season in 2019, however, Spergularia’s aboveground cover 

was high relative to the other species, and litter from this period may have caused an 
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increased soil percent carbon. Another hypothesis for Spergularia’s high soil percent 

carbon may be due to its seeds. Spergularia produced a high amount of seeds in 2021, 

which were evident in the soil underneath its canopy. This material may be influencing 

Spergularia’s high soil percent carbon. Future research investigating the seed carbon 

content and seed abundance of these species may highlight any major differences between 

species.  

Monitoring blue carbon function is still relatively new, so there are few studies 

comparing different species at a single site. We know of no studies directly quantifying 

carbon storage of non-dominant marsh plants in this region, but there are earlier 

investigations of aboveground biomass, which is often strongly correlated with carbon 

content. Earlier work at restoration sites within the Tijuana River National Estuarine 

Research Reserve (Tijuana Estuary) showed contrasts relevant to carbon storage. Of the 

eight species studied compared in single-species plots, Salicornia pacifica had the highest 

shoot biomass (Callaway et al., 2003). This is different from our results, as Frankenia had 

the highest shoot biomass, while Salicornia had the second highest. Another study which 

investigated these same species at the Tijuana Estuary indicated that Frankenia salina, 

Jaumea carnosa, and Salicornia pacifica had the highest total ash free dry mass, while 

Jaumea carnosa had the highest shoot ash free dry mass (Sullivan et al., 2007).  

Our greenhouse gas results also indicate that there are differences between the 

species, as Distichlis had the lowest NEE CO2 and N2O fluxes, while Jaumea had the 

lowest CH4 flux. Our NEE CO2 results, indicating that Distichlis had the lowest average, 

corresponds with our measurements of habitat-based photosynthesis (with Distichlis 

having the highest average), as lower values of NEE CO2 indicate greater photosynthetic 

activity than respiration. Though few previous greenhouse gas studies have been conducted 

with our focal species, other co-occurring marsh plants have been documented to have 

contrasting rates of CO2 and CH4 fluxes. A study comparing Phragmites australis to native 

vegetation composed of Spartina patens and Distichlis spicata found that Phragmites 

australis had higher rates of CH4 emissions, but also has higher rates of CO2 uptake than 

the native vegetation (Martin & Moseman-Valtierra, 2015).  

 There are many factors that affect species differences in CO2, N2O, and CH4 

emissions, including intrinsic differences in plant physiology and extrinsic factors such as 
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soil nutrients and environmental conditions (Bartlett et al., 1987; Chmura et al., 2016; 

Joabsson et al., 1999; Kaplan et al., 1979; Yuan et al., 2015). Notably, increasing CO2 

uptake has been documented to decrease N2O gas emissions (Schützenmeister et al., 2020; 

Yu et al., 2012; Yuan et al., 2015). This is supported by our study, as Distichlis had the 

highest CO2 uptake rates (seen in both habitat-based photosynthesis and NEE CO2), while 

also having the lowest N2O gas emissions. More work is needed to further explore how 

blue carbon function can be maximized with the selection of particular species that 

increase carbon sequestration without contributing significant emissions of greenhouse 

gases in marsh restoration plantings.  

5.1.2 Plant Productivity 

Dominant species have been the focus of salt marsh restoration (Callaway, 2005; 

Zedler, 2001; Zedler et al., 2001). Our results indicate that Salicornia’s presence can 

enhance certain plant productivity functions that are important for restoration success, such 

as recruitment and canopy height, but does not enhance all functions. Frankenia had the 

highest cover of all focal species; while it had somewhat higher cover than naturally 

recruiting Salicornia, it had dramatically higher cover than the other planted species. 

Frankenia’s high cover was surprising, as it did not grow as well as the other species in the 

benign conditions of the greenhouse but seems to tolerate the high salinity and harsh 

conditions typical of high elevation sediment addition very well. Other studies have 

reported differences in common plant productivity measures such as cover. Among species 

compared at the Tijuana Estuary, Salicornia pacifica had the highest percent cover 

(Lindig-Cisneros & Zedler, 2002). Our study differs from Lindig-Cisneros & Zedler 

because Salicornia was not planted in our study. Frankenia also had the highest root 

biomass, which is different than previous studies at the Tijuana Estuary, as Salicornia 

pacifica and Jaumea carnosa had the highest root biomass (Callaway et al., 2003).  

Salicornia had the highest recruitment at our site. Overall, cover in areas where 

they were not planted was low for all planted species; the experimental objective of 

providing a seed source to surrounding areas has not yet been met. It is unsurprising that 

the species that dominates marshes in this estuary, Salicornia, had high recruitment, and 

supports recommendations of not planting high recruiting, dominant species (Williams & 

Faber, 2001). Lindig-Cisneros & Zedler (2002) also found that recruitment by Salicornia 
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pacifica was highest of all marsh species in a restoration site. In another study, Salicornia 

pacifica had the highest percent cover and recruitment rate of four marsh species 

(Armitage et al., 2006).  

Another plant productivity metric, canopy height, also differed strongly among 

species. Salicornia had the highest canopy height while Jaumea had the lowest within our 

study. Our results were similar to those of Keer & Zedler (2002), where Salicornia pacifica 

and Salicornia bigelovii had the highest canopy height. Though we did not test other 

characteristics of plant architecture, this study also indicates that canopy layering can vary 

by species, and found that Frankenia salina, Suaeda esteroa, and Jaumea carnosa had the 

highest canopy layering (Keer & Zedler, 2002).  

Other productivity metrics revealed further contrasts. We found Distichlis to have 

the highest, and Extriplex the lowest habitat-based photosynthesis rates, while Frankenia 

had the highest, and Jaumea had the lowest plant-based photosynthesis rate. Few 

comparative studies have examined metrics such as photosynthesis, but a study 

investigating the differences between various salt marsh plants indicates that Distichlis 

spicata had the highest photosynthetic rates in laboratory conditions compared to Spartina 

patens and Scirpus olneyi (DeJong et al., 1982). Though this study also tested for field 

photosynthetic rates, the laboratory conditions best reflect optimum photosynthetic rates, 

which was our goal as well by choosing dense monocultures. It is unsurprising that these 

two photosynthesis measures report different species as having the highest and lowest 

values, as they measure different aspects of photosynthesis. Habitat-based photosynthesis 

is affected by variation in biomass at a larger scale, while plant-based does not. We found 

Jaumea had the highest and Extriplex had the lowest percent nitrogen in aboveground 

tissue. This is similar to findings from Zedler et al. (2001), where Jaumea was documented 

to have the highest shoot N crop among species. While nitrogen is a key component of 

chlorophyll, we did not find that species with higher nitrogen content had greater 

photosynthesis rates.  
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5.1.3 Environmental Effects 

Early colonizing species can have variable effects on later plant community 

composition, by altering conditions (Connell and Slatyer 1977). We focused mainly on soil 

metrics to determine how the focal plant species can alter their environment, therefore 

influencing the colonization of other plant species. We found strong differences among the 

six species. The changes to soil conditions by these plants were marked, and could have 

important implications for the germination and growth of other plant species in the area. 

For example, soil salinity was lowest and moisture highest under the Frankenia canopy.  

These benign conditions may allow for other species to colonize, or allow for Frankenia to 

continue to proliferate (positive feedback loop). Ammonium concentrations were 

especially high under Extriplex canopies, perhaps providing favorable nutrient conditions 

for colonization by other species. Few studies have explored how west coast marsh species 

affect soil conditions. A study examining the TKN (Total Kjeldahl Nitrogen) of soil within 

plots of different species indicated no significant differences among species (Callaway et 

al., 2003). This study included similar species as ours, such as Frankenia, Jaumea, and 

Salicornia, and shows similar results as there was no significant overall species effect on 

soil ammonium in our study as well. Nevertheless, there are studies that indicate different 

salt marsh species can alter environmental conditions. A study in Sweetwater Marsh 

National Wildlife Refuge in southern California found that Salicornia bigelovii can 

seasonally increase soil N concentrations (Boyer & Zedler, 1999).  

Plant species have been documented to alter soil pH via root activity (Koop-

Jakobsen et al., 2018). Results from Eleuterius et al. (1985) indicate that Distichlis had the 

highest pH when comparing Distichlis spicata, Spartina alterniflora, Spartina patens, 

Juncus roemerianus, and Scirpus olneyi. Our study also found that Distichlis at low 

elevation had the highest soil pH of the six species, but conversely at high elevation it had 

the lowest soil pH. There are no studies, to our knowledge, concerning how Distichlis root 

activity can alter soil pH. This has been explored in certain marsh species such as Spartina 

angelica, which hypothesize that pH changes occur due to root respiration and exudation 

(Koop-Jakobsen et al., 2018). Future research is needed to illuminate potential processes 

that may alter soil processes such as pH for Distichlis. 

No studies were found investigating microbial biomass of our focal species in the 

field, but a study comparing the microbial biomass of the soil under eight other salt marsh 
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halophytes in Southeastern Spain indicate significant differences of microbial biomass 

among plant species (Caravaca et al., 2005). This differs from our results, as species did 

not have a significant effect on microbial biomass. This may be because our restoration site 

is still relatively new, and different microbial patterns may arise in the future. More 

monitoring is needed to determine how microbial biomass changes throughout time at 

Hester Marsh, and if plant species continues to have a benign effect.  

5.1.4 Community Interactions 

Our focal species performed differently on the community interaction metrics, and 

may have different ecological implications. Since ecotones are heavily invaded by upland 

weeds in Elkhorn Slough (Wasson & Woolfolk, 2011), invasibility is important to consider 

when restoring these systems. In general, invasibility was negatively correlated with cover, 

and showed great variation among planted species. We found that Frankenia and 

Salicornia were better than other species at resisting invasions by non-native upland plants. 

We hypothesize this is due to their high percent cover which results in less space for non-

natives to colonize. Another study that looked at a similar metric found plots containing 

Salicornia pacifica had the highest resistance to unplanted species (Callaway et al., 2003).  

Arthropod community composition also varied among plant species, likely due to 

the differences in canopy height, cover, and soil properties discussed above. We found that 

Jaumea had the highest arthropod species richness, but Distichlis had the most distinctive 

arthropod species assemblage, with community composition most dissimilar from the other 

plant species. A previous study investigating spider diversity within ecotones and adjacent 

habitats reported that spider richness was higher within the ecotone than adjacent marsh 

plains or uplands (Traut, 2005). There have also been studies on the US east coast 

demonstrating arthropod community shifts when the plant community transitioned from a 

Spartina alterniflora dominated marsh to Phragmites australis (Gratton & Denno, 2006).   

We focused on Argentine ants (Linepithema humile), as they have been 

documented to have a negative effect on native ants (Richmond et al., 2021). The three 

other ant species that we found (Tapinoma sessile, Hyponera opacior, Temnothorax sp.) 

were very rare (six individuals total found for these three species) compared to Argentine 

ants (754 individuals). We found that Frankenia had the highest abundance of Argentine 

ants, perhaps because it also had the highest soil moisture; soil moisture increases 
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invasibility by Argentine ants (Menke & Holway, 2006). Newly constructed marsh 

restoration sites may offer optimal habitat for Argentine ant colonization due to high 

disturbance (Majer, 1994).  

5.2 Effects of a Strong Environmental Gradient on 
Functions 

 Elevation differences translate to strong physical differences in the intertidal zone. 

Salt marsh communities are known to be structured along an elevation gradient (Zedler et 

al., 1999). Generally, the low marsh is considered stressful because of risk of excessive 

waterlogging and anoxia in the root zone. The high marsh can also be stressful, especially 

in Mediterranean climate, due to desiccation stress (Chapple & Dronova, 2017). In salt 

marsh systems with hot or arid climates, the salinity gradient can be hump-shaped, with 

evaporation driving high stress conditions at intermediate elevations (Callaway et al., 1990; 

Pennings & Bertness, 1999). Though the planted area of the Hester Marsh restoration site 

is all within the high marsh zone, above MHHW, we included elevation as a covariate in 

some of our analyses. The 0.30 m elevation difference from the top of the block to the 

bottom translates to a dramatic difference in inundation time – the top of the planted area is 

inundated less than one hour per year, while the bottom is inundated about 92 hours per 

year (Elkhorn Slough Reserve, unpublished data). Our study detected some strong 

differences in functions across this relatively minor elevation gradient. For example, the 

decomposition rate of green tea was much greater in low elevation than high elevation, 

possibly due to an increase in microbial activity among roots of the moister soil. There 

were also interesting interactions between elevation and plant species in other cases. For 

instance, Distichlis had the lowest pH of the six species at high elevation, but the highest 

pH occurred at low elevation. These findings highlight the importance of considering the 

environmental context of functions provided by different species. A species that performs 

well in one environmental setting may perform badly in another. For example, at a 

restoration site in the Tijuana River National Estuarine Research Reserve, elevation played 

a strong role in the recruitment of Salicornia pacifica, Salicornia bigelovii and Suaeda 

esteroa. More Salicornia pacifica and Salicornia bigelovii recruited at higher elevations, 

while Suaeda esteroa recruitment was highest at mid-elevations (Lindig-Cisneros & 

Zedler, 2002).  
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5.3 Approaches to Assessing Functions of Biodiversity 

Biodiversity and ecosystem functioning (BEF) studies often compare plots with 

varying diversity. For instance, a previous study within a Californian marsh found that 

higher plant species diversity increased eight out of the eleven variables examined 

(Sullivan et al., 2007). Another study examined canopy architecture differences and found 

that three and six-species plots had greater cover and layering than one-species plots in the 

field and greenhouse experiments (Keer & Zedler, 2002). Lastly, a recent paper indicated 

that higher plant biodiversity increased percent cover within a salt marsh restoration site 

(Fitzgerald et al., 2021). Though these studies shed light on the importance of biodiversity, 

it is challenging to determine whether high performance of multi-species mixes is due to 

emergent properties of increased species richness, or simply due to the effects of a single 

species that happened to be included in the mixture. This “selection” problem is well 

known and can be addressed by growing each species individually as well as growing 

multi-species combinations. For multi-species experiments in California marshes, 

Salicornia has been attributed to high function performance (Callaway et al., 2003; 

Sullivan et al., 2007). Nevertheless, higher species richness increases functionality (for 

example: total biomass) even when Salicornia is not present (Callaway et al., 2003). 

We used a different approach from typical BEF experiments. We examined 

functions of individual species, which sheds light on potential functions that are achieved 

by representation of diversity across a landscape. We assessed 30 different functions, 

which is more than a typical study analyzes. This gave us a rich understanding of the 

multifunctionality of the species, and allowed us to assess how the species differ across 

multiple dimensions. Our multivariate analyses indicated that species differed significantly 

across all metrics combined, while our univariate analyses found species was a significant 

factor in the statistical model for 17/30 metrics. Higher replication might have revealed 

even more significant relationships, for instance for soil percent carbon and arthropods, 

where results were marginally significant and variation was high.  

We found that no one species performed best in all 30 metrics, and that metrics we 

tested for were mainly independent, as only 12 of the potential 435 pairwise comparisons 

revealed strong correlations. Some of these correlations were expected, such as the positive 

correlation between arthropod species richness and abundance. One unexpected 
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relationship was the positive correlation between Argentine ant abundance and microbial 

biomass. Previous studies indicate that ant nests can facilitate diversity and abundance of 

rare fungi and bacteria (Delgado-Baquerizo et al., 2019). The Argentine ant was most 

abundant at Frankenia sites, and these sites also had the highest microbial biomass. This 

ant species may be promoting higher microbial biomass at our site, and future studies 

should explore these correlations.  

 We recommend a multi-metric approach to achieve a thorough understanding of 

the roles that different species play in a given landscape, especially one that has undergone 

restoration. However, we recognize that monitoring budgets are limited for most 

restoration projects. We recommend cover as the top priority metric to monitor, since it can 

be rapidly assessed. Plant cover is important from a management perspective as a common 

target for restoration success, as well as correlating with other metrics in different 

categories, thus providing insight into multiple functional dimensions. Our results indicate 

that plants with higher cover (productivity metric) can be more resistant to non-native plant 

cover (community interactions metric), and correlate with plant carbon content (blue 

carbon metric). 

A second priority is to collect and analyze soil samples, as this can provide insight 

into the soil characteristics that plants are subjected to and can alter, such as pH, 

ammonium concentration, salinity, and belowground carbon storage. This may help infer 

future trajectories of plant establishment, as plant colonization patterns within a marsh 

landscape are influenced by physical characteristics (Cantero et al., 1998). Finally, 

managers should determine key functions of local importance, such as support for 

endangered or threatened species, and monitor metrics associated with those functions.  

5.4 Management Implications for Conserving and 
Restoring Marsh Diversity 

Our findings highlight the importance of conserving marsh diversity, as the five 

species that were planted provided different functions than the naturally recruiting marsh 

dominant. We thus support and expand earlier work indicating that rarer salt marsh plant 

species can offer different functions than the dominant (Armitage et al., 2006; Callaway et 

al., 2003; Keer & Zedler, 2002; Lindig-Cisneros & Zedler, 2002; Sullivan et al., 2007; 
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Zedler et al., 2001). Previous studies emphasize that the dominance of Salicornia can 

further hinder diversity, indicating that active methods of incorporating rarer species may 

be necessary for restoration (Armitage et al., 2006; Zedler et al., 2001). Thus, to ensure that 

diversity, and the functions that accompany it occur, our study supports previous work 

recommending that rarer species should be actively incorporated in conservation and 

restoration plans (Morzaria-Luna & Zedler, 2007; Zedler et al., 2001). 

The ecotone between high marsh and upland harbors high marsh diversity, but this 

transition zone is often narrow, invaded by non-native plants, and disturbed by upland land 

uses (Traut, 2005; Wasson & Woolfolk, 2011). High marsh diversity is also threatened in 

California due to sea level rise, as ecotones are extremely sensitive to increases in water 

levels (Wasson et al., 2013). As salt marshes migrate landwards, low marsh dominant 

species replace ecotone species. The presence of man-made barriers or steep elevations can 

further hinder the persistence of ecotone species, as landward migration can become more 

difficult with these obstacles. In the future, it is key for managers to recognize the 

importance of conserving diversity in the salt marsh-upland ecotone, and provide migration 

pathways by removing barriers or recontouring adjacent hillsides.  

While the conservation of existing high functioning marshes is always superior to 

restoration, conservation alone will not suffice for salt marshes as many have been lost to 

alterations such as diking, and many more may be lost with sea level rise (Crosby et al., 

2016; Van Dyke & Wasson, 2005). Restoration of lost marshes with the creation of new 

higher marsh plains that are resilient to sea-level rise will be critical for coming decades to 

ensure continued provisions that salt marshes provide.  

Salicornia scored the highest in various metrics such as recruitment, canopy height, 

and decomposition of rooibos tea but scored lowest in aboveground plant percent carbon, 

plant litter accumulation, soil ammonium, and arthropod species richness. If managers had 

resources to plant only a single species, we would recommend Frankenia for a high 

elevation restoration site like Hester Marsh, as this species appeared very tolerant of 

salinity and desiccation stress, and also had excellent cover and height. Though we would 

recommend planting Frankenia, it also did not rank the highest in all categories. For 

example, aboveground plant carbon percent, soil percent carbon, plant recruitment, habitat-

based photosynthesis, aboveground plant percent nitrogen, and various arthropod metrics 
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were better performed by other species. We thus recommend planting a suite of high marsh 

species at restoration sites, to provide more diverse functions to the salt marsh landscape. 
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6 Conclusion 

In summary, our study highlights that multifunctionality of salt marshes can be 

enhanced by representation of different marsh species, and thus, it is critical to conserve 

and restore marsh diversity to ensure these functions are maintained in the future. No 

single species optimized all or even the majority of functions. At Hester Marsh, virtually 

the only representation of high marsh diversity at the site was from plantings, which 

provided key functions, and potentially serves as a future seed source for further 

colonization. Managers can decide which functions are most important for their locality, 

such as supporting native pollinators, enhancing carbon sequestration, or increasing plant 

cover, and select species that optimize those functions. Or they may choose to optimize 

multi-functionality, by planting a suite of species that provide representation of different 

functions. Information such as we have provided here, elucidating the contrasting functions 

of diverse plant species, can thus be used to inform restoration design. 
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Appendix A 

Research ethics training and clearance letter. 
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Appendix B 

Table containing average values per species for each metric.  
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Appendix C 

Additional blue carbon data. I: Soil percent carbon (from full core length 0-30 cm), II: CO2 

flux (both light and dark conditions from gas emission survey), III: N2O flux (both light 

and dark conditions from gas emission survey), IV: CH4 flux (both light and dark 

conditions from gas emission survey).  
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Appendix D 

Model summaries of Appendix C and generalized linear model results using Anova test 

from the car package (Fox & Weisberg, 2019). 

Metric Model 

Data 

Transformation 

Violations of 

Model 

Assumptions Predictor 

LR 

Chisq P-value 

Soil Percent 

Carbon (0-

30 cm) 

Gaussian 

w/ link 

identity None None Species 8.4 0.13 

CO2 Flux 

Gaussian 

w/ link 

identity outliers removed 

Levenes Test for 

Homogeneity 

(p=0.03195) Type 370 <2.2E-16*** 

    
Species 8.5 0.13 

    
Type:Species 68 3.24E-13*** 

N2O Flux 

Gaussian 

w/ link 

identity None None Type 6.5 0.0109* 

    
Species 5.4 0.37 

    
Type:Species 3.2 0.67 

CH4 Flux 

Gaussian 

w/ link 

identity outliers removed 

KS Test 

(p=0.04897), 

Outlier Test 

(p=0.01273), 

Combined 

Adjusted 

Quantile Test 

(0.01718) Type 0.67 0.41 

    
Species 5.3 0.39 

    
Type:Species 6.01 0.305 
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Appendix E 

nMDS ordination of arthropod communities (using data square-root transformed). 
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Appendix F 

ANOSIM and SIMPER analysis of arthropod community composition (using 

untransformed data). The first column shows the pairwise comparison; the second and third 

the ANOSIM R and P, respectively. The comparisons are ordered from the smallest to 

largest significant P-values. The remaining columns show the abbreviations of the five 

species that contributed most to the difference among pairs in the SIMPER analysis. (+) 

means the morphospecies was most abundant in the first listed plant species, (-) the 

opposite. C1= Collembola morphospp, CLA1= Coleoptera morphospp, HY1= Argentine 

ant , AC1= Acari morphospp, TH2= Thysanoptera morphospp. 
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Appendix G 

All other morphospecies found from arthropod survey by counting individuals per sample. 

Black points represent the average per plant species. I: Aranea abundance, II: Acari 

abundance, III: Amphipoda abundance, IV:  Archaeognatha abundance, V: Diptera 

abundance, VI: Dermaptera abundance, VII: Decapoda abundance, VIII: Hemiptera 

abundance, IX: Homoptera abundance, X: Isopoda abundance, XI: Juvenile Lepidoptera 

abundance, XII: Psocoptera abundance, XIII: Thysanoptera abundance, XIV: Unknown 

abundance, XV: Zygentoma abundance. When Species was a significant factor in the 

statistical model for a metric, it was listed at the top of the graph with asterisks denoting 

standard significance levels with asterisks representing standard levels of significance (* 

<0.05, **<0.01, ***<0.001). 

 

 



 

 

  
 

100 

 

 

 

 

 

 

 



 

 

  
 

101 

Appendix H 

Model summaries of Appendix G and generalized linear model results using Anova test 

from the car package (Fox & Weisberg, 2019). 

Metric 
Model 

Data 

Transformation Predictor 

LR 

Chisq P-value 

Araneae total 

abundance 

Negative 

binomial w/ 

log link None Species 3.4 0.65 

Acari total 

abundance 

Negative 

binomial w/ 

log link None Species 25 0.00014 *** 

Amphipoda 

total 

abundance 

Negative 

binomial w/ 

log link None Species 9.2 0.101 

Archaeognatha 

total 

abundance 

Negative 

binomial w/ 

log link None Species 9.8 0.081 . 

Diptera total 

abundance 

Negative 

binomial w/ 

log link None Species 1.2 0.94 

Dermaptera 

total 

abundance 

Poisson w/ 

log link None Species 3.6 0.61 

Decapoda total 

abundance 

Poisson w/ 

log link None Species 3.6 0.61 

Hemiptera 

total 

abundance 

Negative 

binomial w/ 

log link None Species 18 0.0030 ** 

Homoptera 

total 

abundance 

Negative 

binomial w/ 

log link None Species 12 0.042 * 

Isopoda total 

abundance 

Negative 

binomial w/ 

log link None Species 2.6 0.77 
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Lepidoptera 

total 

abundance 

Negative 

binomial w/ 

log link None Species 15 0.012 * 

Psocoptera 

total 

abundance 

Negative 

binomial w/ 

log link square root Species 10 0.071 . 

Thysanoptera 

total 

abundance 

Negative 

binomial w/ 

log link None Species 13 0.021 * 

Unknown total 

abundance 

Negative 

binomial w/ 

log link None Species 7.2 0.209 

Zygentoma 

total 

abundance 

Poisson w/ 

log link None Species 3.6 0.61 
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Appendix I 

Pearson Correlation matrix of all 30 metrics across species, using same data as nMDS. 

Correlations with absolute value greater than 0.5 are highlighted; these represent 12 out of 

435 pairs. 
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