
ABSTRACT 

PALIOTTI, SAVANNAH TAYLOR. Physiological and Ecological Responses of Geukensia 

demissa and Spartina alterniflora to Climate Warming. (Under the direction of Dr. Y. Stacy 

Zhang). 

 

Spartina alterniflora and Geukensia demissa are two dominant foundation species native to 

marshes along the eastern seaboard of North America. These two species positively interact to 

facilitate the growth, survival, and health of one another, leading to enhanced diversity and 

ecosystem multifunctionality. Under environmental stress, these positive interactions are 

increasingly recognized as mechanisms for promoting climate resilience. However, rising global 

temperatures pose significant challenges to the fitness, survival, and ecological contributions of 

these two members. This thesis explores the vulnerability and ecological role of S. alterniflora-

G. demissa facilitation under warming conditions through two complementary approaches: a 

literature review and a manipulative field experiment. The first chapter synthesizes current 

knowledge on the physiological responses of G. demissa to heat stress. Extreme temperatures 

can trigger a suite of protective mechanisms in ribbed mussels, notably the upregulation of heat 

shock proteins (HSPs), which help mitigate cellular damage. However, such responses are 

energetically costly and may trade off with other physiological processes essential to growth, 

reproduction, and survival, which can be detrimental to future populations. The review highlights 

substantial gaps in our understanding of the thresholds and consequences of thermal stress on 

mussels, particularly under fluctuating thermal regimes. The second chapter experimentally 

examines the facilitative role of G. demissa in a North Carolina salt marsh under warming 

conditions. Using a factorial design, we manipulated both ribbed mussel density and temperature 

using open-top chambers (OTCs) to simulate passive warming. 



We evaluated whether the presence of mussels could buffer thermal extremes and promote the 

growth of S. alterniflora under future climate conditions, and whether these effects are density-

dependent. Our results indicated that mussels at low densities provided indirect localized thermal 

buffering, with warmed plots containing mussels showing slightly reduced average daytime 

temperatures compared to those without mussels. However, this thermal mitigation did not 

translate to increased plant productivity. In fact, warming led to a decline in cordgrass shoot 

density across all treatments, regardless of mussel presence. Together, these findings suggest that 

while ribbed mussels can offer localized thermal buffering, their facilitative potential may be 

constrained under future warming. If both species experience heightened physiological stress, the 

strength and outcome of their interactions may shift in ways that reduce facilitative functions and 

ecosystem resilience.  
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CHAPTER 1: Characterizing Geukensia demissa physiological response to heat stress 

 

 

1. Introduction: 

The evaluation of climate change impacts on species distributions and ecophysiology is 

an increasingly critical area of research, as global temperatures are projected to rise 

approximately 1.5°C over the next two decades. Extreme heat events are predicted to become 

more frequent and intense (Stillman, 2019; IPCC, 2023) and amplify thermal stress on ecological 

communities. These changes can drive species range shifts, mass mortality, and altered 

physiological fitness, fundamentally altering ecosystems. Climate change has already caused 

substantial declines in foundation species that form the basis of whole ecosystems by creating 

habitat (Dayton, 1972), and their associated ecosystem services worldwide (Wernberg et al., 

2024). Declines in foundation species can trigger cascading effects throughout ecosystems, 

including declines in species abundance, productivity reduction, food web alterations, and 

ecosystem destabilization (Ellison et al., 2005; Ling, 2008). Anticipating the impact of thermal 

stress and its subsequent effect on ecological communities is key to understanding the 

consequences of climate change, building resilience to combat them, and informing strategies to 

mitigate its broader effects. 

Intertidal organisms experience unique spatial and temporal processes influenced by both 

marine and terrestrial climatic conditions, with sessile organisms particularly facing numerous 

physiological stressors from temperature extremes (Petes et al., 2008; Smith et al., 2024). 

Organisms in this environment are regularly exposed to extreme environmental conditions and 

fluctuations, with few opportunities for refuge beyond burrowing, attachment to substrate, or 

acclimatizing due to their immobility (Fields & Eraso, 2020). Intertidal zones are particularly 
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vulnerable to the impacts of climate change due to compounded pressures, including rising water 

and air temperatures, desiccation stress, and increased frequency and severity of extreme weather 

events, in addition to the strain of living closer to upper thermal and often physiological limits 

(Connell, 1961; Madeira, 2012). In intertidal environments, species’ upper limits are typically set 

by physical constraints such as desiccation or wave stress; whereas lower limits are determined 

by biotic constraints like competition and predation (Connell, 1961; Paine, 1966; Fodrie et al., 

2014). During high tide, sessile organisms are submerged, with body temperatures regulated to 

that of the surrounding water. At low tide, however, they are subjected to harsh solar radiation, 

extreme aerial temperatures, and fluctuations in oxygen and salinity (Helmuth, 1998; Horn et al., 

1999; Jost & Helmuth, 2007). Organisms in the high intertidal zone, where tidal flow is less 

consistent, often operate near their upper thermal thresholds, rendering them particularly 

sensitive to small temperature fluctuations that can have significant consequences for their health 

and survival (Gedan, 2010). Despite these environmental challenges, the intertidal zone also 

offers some reprieve from predation as aquatic predators often retreat from the stress of high 

temperatures or desiccation during low tide (Petes et al., 2008). The inability of predators to 

tolerate prolonged exposure to air further limits their activity in the intertidal zone, reducing 

predation pressure on sessile and less mobile organisms (Wethey, 1984; Fodrie et al., 2014). 

While reduced predation pressure may enhance survival, the energetic demands of coping with 

increasing environmental and physiological stressors may limit growth and reproduction (Petes 

et al., 2008).  

Geukensia demissa, commonly known as the Atlantic ribbed mussel, is a dominant 

foundation species native to North American estuarine systems. They are often found in dense 

aggregations, up to 1,500 individuals/m2, at mid to low intertidal heights within salt marshes 
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(Figure 1A & 1B; Bertness & Grosholz, 1985; Luckenbach & Cohen, 2005). Geukensia demissa 

exists in close association with Spartina alterniflora (marsh cordgrass), often forming their 

aggregations at the base of cordgrass stems. Ribbed mussels typically reach up to 10 cm in 

length, with size, growth, and settlement rates decreasing with increasing elevation, due to 

reduced submergence and feeding opportunities, while overall survivorship tends to increase 

with elevation due to reduced predation pressure (Bertness & Grosholz, 1985; Borrero, 1987). 

Mussels are broadcast spawners, with spawning events occurring potentially once during the 

summer months (Borrero, 1987; Virgin & Barbeau, 2017). Spawning and spat settlement are 

highly variable depending on geographic location and elevation within the marsh (Borrero, 1987; 

Franz, 1996; Virgin & Barbeau, 2017). For instance, mussels from high latitudes may spawn 

between June and August, while lower latitude populations may exhibit peak reproductive 

activity later in the summer, and potentially extending into the fall (Borrero, 1987; Borrero & 

Hilbish, 1988), with temporal variation across marsh elevation gradients as great as those across 

latitudes (Borrero, 1987). Since spawning often coincides with or follows peak summer 

temperatures, especially at lower latitudes, elevated thermal stress during this period could 

constrain reproductive effort or success. 
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Figure 1A & 1B: Ribbed mussel aggregate mound within a marsh (Virginia Institute of 

Marine Sciences) (A) Geukensia demissa species range (GBIF.org) (B) 

 

Ribbed mussels form a mutualistic relationship with marsh cordgrasses that enhances 

habitat availability, nitrogen cycling, and resilience to physical stress (Bertness, 1984; Angelini 

et al., 2016). Mussels enhance cordgrass survival and subsequent recovery during extreme heat 

and drought events by increasing water retention and reducing salinity stress through the 

formation of mounds and the facilitation of crab burrows, which further enhance water storage 

and soil aeration (Angelini et al., 2016; Derksen‐Hooijberg, 2019). Mussel aggregations can 

stimulate several ecosystem functions by increasing invertebrate biomass, aboveground 

cordgrass biomass, water storage, and soil accretion (Angelini et al., 2015). Additionally, 

mussels can accelerate marsh recovery after die-off events due to extreme heat or drought by 

ameliorating soil stress (Angelini et al., 2016). Growing evidence suggests the potential of ribbed 

mussels to enhance salt marsh resilience to climate change, necessitating a holistic understanding 

http://gbif.org/
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of how and the extent to which ribbed mussels themselves respond to physical stress, particularly 

thermal extremes.  

Here, we examine and collate current knowledge on the effects of thermal stress on 

ribbed mussel ecophysiology and evaluate the biological capacity to use ribbed mussels for salt 

marsh resilience. As temperature fluctuations intensify in intertidal zones, understanding 

mussels’ intrinsic response to thermal extremes is necessary for predicting the stability and 

function of salt marsh ecosystems in future warmer climates. 

 

2. Search Methodology 

To comprehensively evaluate existing information on G. demissa’s physiological 

response to heat stress, we performed a literature search using Web of Science and Google 

Scholar. We targeted peer-reviewed studies examining both adult and larval stages of G. 

demissa, focusing on their physiological adaptations and stress responses under elevated 

temperature conditions. A Boolean search string, ‘Geukensia demissa AND temperature stress 

OR heat stress’, was used to identify relevant studies. These searches yielded over 1000 articles 

(Figure 2). Additional keywords, including ribbed mussels, temperature, physiology, thermal 

stress, and heat stress, were used to refine results. Article titles and, when necessary, abstracts, 

were reviewed to confirm relevance. To be included in the review, studies had to be in the 

English language, peer-reviewed, and represent primary literature (i.e., no syntheses, conceptual 

papers). Eligible studies must have assessed physiological parameters related to ribbed mussels’ 

aerial or aquatic thermal stress responses. From each article, we extracted study dates and 

duration, geographic location, experimental setting (field or laboratory-based), physiological 
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response evaluated (e.g., metabolic rate, survival, protein expression, etc.), and study outcome 

(e.g., how mussel physiology was affected by the temperature stress). 

 

 
Figure 2: Flowchart displaying the number of articles gathered from initial search and 

included in the review. 

 

3. State of the literature 

Our search yielded a final set of 15 studies that met our inclusion criteria (Table 1). 

Studies mostly occurred in Georgia, South Carolina, and New Jersey, USA, and were 

conducted in laboratory settings. This geographical representation presented a range of 

latitudinal responses to thermal extremes. Exposure to hot or cold temperature stress ranged 
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from approximately 1 hour to 28 days, not including acclimation time. The most frequent 

response variable measured, and the primary mechanism for heat tolerance evaluated, was 

the expression of heat shock proteins (HSPs, Figure 3).  
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Table 1: Studies found through a keyword literature search conducted via Google Scholar and Web of Science 

 
Study Type Location Year Response Outcome 

Fields & 

Eraso 2020 
Lab New Jersey, 

USA 
2014 Seasonal gill protein 

expression 
Increased abundance of HSPs 

Brodsky 2011 Lab Florida, USA 2009 Byssal thread production G. demissa can continue to produce byssal 

threads <10°C. 

Erlenbach & 

Wares 2023 
Lab Georgia, USA 2020 Variation in oxygen 

consumption among latitudinal 

differences 

Northern mussels had increased rates of 

oxygen consumption. 

Fields et al. 

2012 
Lab

  
Pennsylvania, 

USA 
2012 Number and magnitude of 

protein expression change 

among latitudinal differences 

Northern mussels showed greater protein 

change, indicating higher sensitivity. 

Jost & 

Helmuth 

2007 

Lab South Carolina, 

USA 
2004 Primary determinants of body 

temperature 
Mortality greatly increases at average peak 

temperatures of 45°C and higher. 

Erber 2022 Field and Lab Georgia, USA

  
2022  Physiological response to 

thermal stress conditions in 

presence & absence of S. 

alterniflora 

Mussels not in the presence of cordgrass had 

greater expression & upregulation of HSPs, 

higher body temperatures, lower heart rate 

Hernandez 

2015 
Lab Florida, USA 2015 Growth rate in elevated water 

temperatures 
Mussel shell size positively correlated to 

temperature 

Smith 2020 Field and Lab Georgia, USA

  
2020 Heartbeat Mussels experiencing lower temperatures had a 

higher growth rate 

Hilbish 1987 Lab South Carolina, 

USA 
1986 Metabolic rates Aquatic metabolic rate increased with 

environmental temperature. Aerial metabolic 

rates highest at intermediate temperatures. 

Fields et al. 

2016 
Lab New Jersey, 

USA 
2012 Changes in protein expression 

in gill tissue 
Oxidative stress proteins, enzymes, and 

proteins associated with cytoskeleton increased 

6 hours after heat stress. Protein levels returned 

to normal after 24 hours 

Wilbur & 

Hilbish 1989 
Lab South Carolina, 

USA 
1988 Acclimation of physiological 

rates 
Increase in temperature caused an increase in 

aerial respiration, then partial acclimation.  
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Table 1: (continued). 
Fields et al. 

2014 
Lab New Jersey, USA 2012 Physiological mechanisms to 

withstand long-term aerial 

exposure to thermal stress 

Mussels rely on anaerobic metabolism for short-term 

exposure, physical strategies for long-term. 

Huang & 

Newell 

2002 

Lab Delaware, USA 2002 Rates of aquatic and aerial 

respiration  
G. demissa was able to actively regulate aerial 

respiration, permitting high aerobic metabolism 

during prolonged periods of air exposure in summer. 

Smith et al. 

2024 
Field 

and 

Lab 

Georgia, USA 2018-

2019 
Heart rates, body temperature, 

HSP70 expression 
Mussels experiencing high body temperatures had 

lower heart & HSP expression rates. 

Virgin et 

al. 2019 
Lab  Northumberland 

Strait, Canada 
2019 Survival and growth of larval 

ribbed mussels 
Instantaneous mortality rates were > 2 times lower at 

≥19 °C than at 15 °C. Larval settlement occurred 

earlier at 28°C than the lower temperatures. 
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Figure 3. Studies found in literature search by response targeted and outcome. Studies may be 

counted multiple times if they evaluate multiple parameters. 
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Geukensia demissa can endure brief exposure to summer temperatures up to 45°C in their 

southern range, and winter temperatures as low as -22°C in their northern range (Lent, 1969; Jost 

& Helmuth 2007). Intertidal mussels, such as those in salt marshes, face additional thermal 

challenges due to tidal exposure, with temperature fluctuations exceeding 15°C within a 24-hour 

period depending on elevation and tidal timing (Wilbur & Hilbish, 1989). Prolonged aerial 

exposure can drive extreme body temperatures and significant water loss, both of which can 

severely impact physiological performance, fitness, and ultimately threaten their survival 

(Coleman, 1973). Since mussels are physically unable to escape during periods of extreme heat, 

their survival relies heavily on their physiological adaptations to acute and chronic stress (Smith 

et al., 2022).  

Thermal stress has profound implications for the growth, health, and survival of G. 

demissa, with effects varying across life stages, exposure duration, and recovery times. 

Moderately high temperatures within the physiological tolerance range of the ribbed mussel may 

increase rates of growth and development. However, these benefits are context-dependent, 

influenced by several factors such as life stage, elevation within the marsh, geographic region, 

and are potentially short-lived. The lack of long-term experimental studies (<2 months) 

highlights gaps in understanding how thermal stress impacts ribbed mussel populations over 

time. These gaps limit our ability to predict how thermal press versus pulse disturbances, such as 

chronic climate change-related warming versus short-term marine heat waves, may affect ribbed 

mussel populations differently. In the following sections, we delve further into specific 

mechanisms that may enable or alter mussel resilience to thermal stress. 
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4. Specific responses and Heat Stress Mechanisms of Ribbed Mussels 

4.1 Protein & Gene Expression 

Heat is a denaturing stressor that can increase the energy demands of the organism to 

prevent and repair heat-induced cellular damage (Hamdoun et al., 2003; Fields et al., 2012). 

Similar to other invertebrates and bivalves, mussels can upregulate a class of genes and proteins 

known as heat shock proteins to acclimate to increased thermal stress (Snyder, 2001). These 

molecular “chaperones” contribute to an organism’s ability to tolerate otherwise lethal conditions 

through the stabilization and/or refolding of proteins (Parsell & Lindquist, 1993; Snyder, 2001; 

Hamdoun et al., 2003; Tomanek & Zuzow, 2010). This protective mechanism for cell 

maintenance reduces the energy available for other important functions such as reproduction, 

growth, and feeding (Hofmann & Somero, 1995), which can lead to phenotypic changes 

including alterations in shell morphology and the suppression of inducible defenses, making 

them more susceptible to predation (Freytes-Ortiz & Stallings, 2018).  

During summer months, mussels may exhibit the most pronounced changes in protein 

expression, particularly in cytoskeletal proteins that are associated with maintaining cellular 

structure under stress (Fields et al., 2012; Fields & Eraso, 2020). The upregulation of these 

structural proteins suggests a mechanism to repair physical damage caused by heat-induced 

stress. Specifically, HSP70 and heat shock cognate HSC60 increase under warming, indicating a 

protective response aimed at preventing and repairing the denaturation of proteins. During 

periods of increased stress, the transcription of HSC & HSP levels increases to maintain the 

functionality of proteins and increase the organism’s tolerance to stressors (Snyder, 2001; 

Hamdoun et al., 2003). The production of HSPs and other stress-related proteins occurs within a 
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rapid timeframe following acute heat exposure (Fields et al., 2016). Most protein transformations 

occur between 3-6 hours after one hour of exposure to 45°C water temperatures, with recovery 

and a return to anabolic state occurring within 24 hours. Although this rapid response highlights 

the readiness of G. demissa to adapt to thermal stress, the energetic costs associated with these 

molecular responses may compromise other vital endocrine functions and critical reproductive 

processing processes, particularly during peak physiological activity in summer months 

(Hofmann & Somero, 1995).  

Geographic variation further complicates the complexity of known responses by G. 

demissa, as populations are acclimatized to their own respective thermal regimes. High-latitude 

populations of ribbed mussels exhibit significantly higher HSP expression, oxygen consumption, 

and greater sensitivity to acute thermal stress compared to their southern counterparts when 

exposed to the same temperatures (increasing incrementally from 15- 35°C) (Fields et al., 2012; 

Erlenbach & Wares, 2023). This disparity suggests a geographic distinction in physiology, in 

which northern ribbed mussels, adapted to cooler climates, may be more vulnerable to rising 

temperatures under climate change scenarios. In contrast, southern populations appear to exhibit 

greater resilience, potentially due to acclimatizing to more frequent and intense thermal 

fluctuations. 

 

4.2 Behavioral Changes and Physiological Rates 

To mitigate the effects of heat stress, ribbed mussels capitalize on shade provided by 

marsh cordgrass and display behaviors such as burrowing and air gaping. Mussels tend to form 

aggregates centered around high densities of cordgrass, where body temperatures can be 8-15°C 

cooler for individuals in the center of these aggregates compared to those at the edges (Smith et 



   

 

 

14 

al. 2024). Similarly, mussels that are completely or mostly buried experience body temperatures 

2-5°C cooler than the surrounding air (Josh & Helmuth 2007). However, high temperatures may 

reduce burrowing activity, as seen in freshwater mussels (Amblema plicata, Lampsilis abrupta, 

Lampsilis cariosa, Lampsilis fasciola, and Lampsilis siliquoidea) exposed to high temperatures 

(27-39°C) (Archambault et al., 2013). For Amblema plicata, specifically, every 1°C increase in 

temperature led to a 28% decrease in the likelihood of burrowing activity (Archambault et al., 

2013). However, we found no studies that demonstrated an increase in G. demissa’s burial 

behavior or competition for burial during extreme heat events, despite position within sediment 

being the most effective environmental regulator of mussel body temperature (Jost & Helmuth, 

2007). 

Geukensia demissa employs air-gaping during aerial exposure to facilitate respiration and 

counteract hypoxia (Lent, 1968; Widdows et al., 1979; Huang & Newell, 2002; Fields et al., 

2014). Air gaping is also linked as a method of thermal adaptation via evaporative cooling, 

though not entirely successful at extreme temperatures (37°C) (Lent, 1968). By opening their 

shells, mussels increase oxygen uptake, enabling aerobic processes to continue during low tide 

(Widdows et al., 1979; Huang & Newell, 2002). While effective in improving oxygen uptake, 

this strategy increases the risk of desiccation, leading to further water loss from soft tissues and 

compounding thermal stress (Fields et al., 2014). Other studies, however, have suggested that 

shell gaping may not be an adaptive mechanism to cope with heat stress, but rather a 

consequence of prolonged aerial exposure (Pamatmat, 1984).  

During low tide, ribbed mussels support high levels of aerobic respiration, which helps 

sustain energy demands while being exposed to air (Hilbish, 1987; Huang & Newell, 2002). The 

ability to regulate aerial respiration is particularly pronounced in the summer when aerobic 
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metabolism is significantly higher than in autumn or winter (Huang & Newell, 2002). This 

seasonal variation reflects the increased metabolic needs associated with warmer temperatures 

and the increased energy demands of critical physiological processes like feeding and 

reproduction, which occur in mid-late summer. Elevated thermal stress in the summer could 

reduce the energy available for spawning, especially in lower latitude or higher elevation 

populations as they face the most extreme thermal regimes. 

Heart rate is also a useful indicator of thermal stress in mussels, as heart rate increases 

with increasing temperatures until a critical tolerance level for the organism is reached, which is 

dependent on geographic population and position within the marsh, beyond which it declines due 

to physiological constraints (Braby & Somero, 2006; Erber, 2022). This decline may cause or 

result from valve closure and metabolic depression, which serve as protective strategies to 

conserve energy under acute heat stress, however, it is unclear which comes first (Braby & 

Somero, 2006). This pattern of valve closure and metabolic depression is seen during exposure to 

chronic high temperatures; mussels located on clump edges may reduce heart rates to conserve 

energy and improve survival (Erber, 2022; Smith et al., 2024). In situ experiments have 

demonstrated that G. demissa from the mid-marsh exhibit higher heart rates when exposed to 

elevated temperatures (36-50°C) compared to those from the high marsh, which showed lower 

heart rates under the same conditions. This difference may reflect localized variations in thermal 

tolerance within the same marsh, driven by microhabitat variation. Specifically, mid-marsh 

mussels may rely on more frequent tidal flow and ecological interactions such as shading by S. 

alterniflora or thermal buffering within mussel aggregations to regulate their body temperature, 

reducing the necessity to acclimate to extremely high temperatures like their high-marsh 

counterparts (Hamdoun et al., 2003; Smith, 2020; Erber, 2022).  
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4.3 Growth & Survival  

Temperature is a limiting factor in seasonal growth cycles, spawning, and the 

development of larvae, thus directly impacting species population distributions (Mann & Glomb, 

1978; Virgin et al., 2019). The relationship between temperature and mussel growth appears to 

be parabolic: moderately high water temperatures can enhance growth rates, while extreme hot 

or cold temperatures beyond the species’ thermal threshold can inhibit growth, recruitment, and 

increase mortality (Virgin et al., 2019; Pourmozaffar et al., 2025). The optimal range for survival 

and growth for the most common bivalves, such as mussels, scallops, and oysters, lies within 12- 

24 °C (Pourmozaffar et al., 2025). Ribbed mussel larvae reared in 15°C water temperatures 

exhibited slow growth rates, high mortality rates (>3 times greater than those reared at ≥ 19°C), 

and failed to settle (Virgin et al., 2019). Mussels reared at 28-31°C had significantly higher 

growth rates, larger sizes, and faster settlement compared to those exposed to lower temperature 

treatments (Hernandez, 2015; Virgin et al., 2019). However, these positive effects appear to 

reverse at higher (approximately 32-34°C) temperatures. In a congener, Geukensia granosissima, 

shell growth and wet weight was significantly reduced when exposed to water temperatures of 

34°C for four weeks compared to mussels reared in lower temperatures (Freytes-Ortiz & 

Stallings, 2018). Extreme heat exposure, particularly when low tide emersion aligns with peak 

daytime summer temperatures, can cause high mortality rates surpassing 50% within just one 

hour, and 100% at sustained temperatures above 50°C (Tsuchiya 1983, Jost & Helmuth 2007). 

While such extreme conditions are rare in North Carolina, more moderate yet chronically 

elevated temperatures may still have significant sublethal effects on mussels over time. 

As chronic and acute temperature events become more common, the energetic trade-offs 

between growth and survival may play an important role in shaping future population dynamics. 
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Prolonged exposure to elevated temperatures in southern latitudes imposes energetic constraints 

on mussels, diverting energy away from growth and towards survival mechanisms such as 

protein repair (Hofmann & Somero, 1995; Tomanek & Zuzow, 2010; Fields et al., 2012). In 

contrast, northern latitudes are limited by reduced larval development in colder temperatures, 

suggesting that warming temperatures may be beneficial for these populations (Virgin et al., 

2019). 

 

 

5. Knowledge gaps 

Despite the foundational role of G. demissa in southeastern USA salt marshes, significant 

gaps remain in our understanding of how heat stress impacts their long-term health and 

ecological contributions, as most studies of thermal tolerance are short-term (less than 2 months 

of exposure to thermal stress). This is particularly relevant as the magnitude and frequency of 

heat events are predicted to increase, and G. demissa is often promoted as a means of increasing 

salt marsh resistance and recovery from drought and extreme heat. However, for this to be a 

valid strategy, it is crucial to understand the extent to which mussels themselves can withstand 

variable heat stress. Acute heatwaves may result in immediate, yet potentially recoverable, 

physiological changes and mortality, while chronic heat exposure may lead to sublethal stress 

that alters their morphology, recruitment patterns, and population dynamics. Increased 

temperatures not only influence the survival and fitness of individual mussels but can also affect 

the ecosystem through impacts on resilience, biodiversity, nutrient cycling, sediment accretion, 

and habitat structure. If thermal stress compromises their ability to perform these functions, the 

subsequent effects could undermine the stability of salt marsh ecosystems and the invaluable 

services they provide.  
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To comprehensively assess the effects of heat stress, long-term studies (> 3 months) and 

field studies are needed. Most studies in this review were conducted in laboratory settings, which 

can provide crucial biological information but lacks environmental or real-world context. We 

found a dearth of information on how different life stages of ribbed mussels respond to thermal 

stress across various zones of the marsh and, in turn, how broader ecosystem functions may be 

altered by impacts to mussel health. Despite their ecological importance, key aspects of G. 

demissa’s life history, such as larval development and their reproductive events, remain poorly 

understood, particularly under variable thermal conditions (Stiven & Gardner, 1992). 

Additionally, there is evidence of latitudinal variation in the adaptive mechanisms of ribbed 

mussels, with northern populations being more vulnerable and undergoing more physiological 

changes in response to heat stress than southern populations. While southern ribbed mussels may 

already be more acclimated to warmer temperatures, their physiological limits may still be tested 

as extreme heat events intensify. In recognition of these differences, some restoration strategies 

are beginning to explore the use of southern genotypes in more northern regions as a potential 

means to increase thermal resilience (Sexton & Lawhorn, 2025). This geographic variation 

emphasizes the importance of region-specific strategies for restoration, as different populations 

face their own unique physiological and environmental challenges. Such research is essential to 

predict the long-term resilience of ribbed mussel populations under future climate scenarios and 

to inform conservation and restoration efforts aimed at preserving the ecological services 

provided by salt marsh ecosystems.  
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CHAPTER 2: The Effect of Temperature Stress on Secondary Species Facilitation within a 

North Carolina Salt Marsh 

 

 

 

1. Introduction 

Facilitation and mutualism are two important positive biotic interactions that structure 

ecological communities and serve as protective and rehabilitative forces in stressful 

environmental conditions (Bertness and Leonard, 1997; Halpern et al., 2007). Historically, 

negative species interactions such as competition, predation, and parasitism have been 

considered the driving forces behind community diversity and structure; however, direct and 

indirect positive relationships have been increasingly recognized as equally influential processes, 

if not more (Stachowicz, 2001; Bruno et al., 2003; Altieri et al., 2007). 

The stress-gradient hypothesis predicts that species facilitation is more important than 

competition in scenarios where abiotic stress is high (Bertness & Shumway, 1993; Bertness & 

Calloway, 1994). Positive interactions can promote ecosystem resistance to and recovery from 

climatic stress, through which neighbors potentially buffer one another from stressors. Intertidal 

habitats are exceptional environments to study this hypothesis due to the significant physical 

stress gradients they experience over a single tidal cycle and relatively small spatial scale 

(Bertness & Leonard, 1997). In salt marshes, bare patches are often first colonized by salt-

tolerant species which, in turn, ameliorate hypersaline conditions and facilitate the establishment 

of less tolerant species (Bertness & Callaway, 1994; Bruno et al., 2003). Intraspecific facilitation 

is also common as high-density intertidal communities are often more successful in mitigating 

potentially lethal thermal stress than less-dense communities. For example, mussels within beds 

experience body temperatures up to 5°C lower than those living in exposed gaps (Helmuth, 

1998). Positive density-dependent facilitation can generate positive feedback loops that enhance 
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survivorship, growth, and stress resistance. However, these interactions may also result in a 

parabolic effect, in which facilitation ceases at extremely high or low densities (Bertness & 

Callaway, 1994; Bruno et al., 2003; Williams et al., 2024). In extremely high densities, 

overpopulation or competition may override facilitative benefits, shifting to negative 

interactions. For example, denitrification is positively correlated with bivalve density until a 

density maximum is reached, after which excess excretion shifts the process towards 

regeneration (Williams et al., 2024). In extremely low densities, positive effects may be stunted 

or not emerge at all (Kellogg et al., 2014). Understanding the dynamics of density-dependent 

facilitation and the threshold at which interactions may switch from negative to positive is 

especially important in the context of improving resilience and restoration outcomes, especially 

under stressful and degraded conditions (Halpern et al., 2007; Reeves et al., 2020).  

Salt marshes are critical components of coastal and estuarine ecosystems, providing some 

of the most valuable ecosystem services including wave attenuation, sediment stabilization, 

nutrient cycling, and habitat for numerous species, yet they face unprecedented challenges. In the 

last century, more than 42% of North American salt marshes have been lost due to anthropogenic 

and environmental influences and acute and chronic stressors (Halpern et al., 2007; Gedan et al., 

2009; Crotty et al., 2017). Marsh cordgrass, Spartina alterniflora (Bortolus et al., 2019) is the 

dominant foundation species native to intertidal salt marshes along North American coastlines 

from the Gulf of Mexico to Nova Scotia (Crosby et al., 2017; Liu et al., 2020). As a foundation 

species, it plays an important role in modifying the physical structure and conditions of their 

ecosystem, thereby influencing the ecological communities of the area by ameliorating 

environmental stressors and creating habitat (Dayton, 1972; Altieri et al., 2007). As the effects of 

climate change intensify, including increased temperature, droughts, and heat waves, physical 
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stressors may interact synergistically with non-climate stressors such as coastal development and 

pollution to exacerbate salt marsh degradation, increasing vulnerability to storms and sea level 

rise (Fearn et al., 2024; NCSMAP, 2024). North Carolina is home to over 220,000 acres of salt 

marsh and is projected to lose approximately 92,000 natural acres due to sea level rise alone by 

2050 (NCSMAP, 2024). The ongoing decline of salt marshes jeopardizes their ability to provide 

critical ecosystem services, and rising temperatures may further compound these impacts. 

Increased temperatures are associated with rapid decreases in marsh biodiversity, increases in 

salt accumulation, and significant shifts in species composition, such as the spread of invasive 

species like Spartina angelica and Phragmites australis (Charles & Dukes, 2009; Gedan & 

Bertness, 2009; Martin, 2017). These changes could be imminent as atmospheric temperatures 

are predicted to rise at least 1.5-2°C above pre-industrial levels by 2030 (IPCC, 2023). 

Under increasingly stressful environmental scenarios, positive interactions and 

facilitation cascades may play a pivotal role in ensuring climate resilience. For example, 

intraspecific facilitation among salt marsh propagules planted in clumps rather than in dispersed 

configurations can increase growth success by 107% (Silliman et al., 2015). Interspecific 

interactions, such as between a primary, S. alterniflora (marsh cordgrass), and secondary 

foundation species, Geukensia demissa (ribbed mussels), form a facilitation cascade that 

enhances diversity, multifunctionality, and stress reduction by buffering against temperature 

extremes and providing additional niche space and substrate for other organisms (Altieri et al., 

2007). Marsh cordgrasses encourage mussel success by providing habitat, promoting settlement 

and recruitment, and ameliorating physical disturbances through dampening wave energy and 

providing shade (Bertness, 1984; Angelini et al., 2015). Mussels, in turn, aggregate around S. 

alterniflora stems and fertilize the sediment via pseudofeces in addition to binding, accreting and 
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stabilizing marsh sediment via their byssal threads (Bertness, 1984; Bilkovic et al., 2017). 

Greater soil nitrogen concentrations provided by mussel biodeposits further enhance marsh 

growth and resilience, as well as enhancing nitrification and denitrification (Bertness, 1984; 

Bilkovic, 2017; Williams et al., 2024). Notably, mussel mounds can increase S. alterniflora 

survival during severe droughts up to 25 times compared to areas without mussels by decreasing 

salinity stress and increasing water storage, even when G. demissa occurs in limited amounts 

within the marsh (Angelini et al., 2015; Angelini et al., 2016).  

Using a manipulative field experiment, I examined whether G. demissa-S. alterniflora 

facilitation can enhance marsh productivity and mitigate the negative effects of climate warming 

on S. alterniflora, with a focus on whether these facilitative effects are density-dependent. To 

address these questions, I conducted a fully factorial experiment where I manipulated mussel 

density and warming and assessed marsh productivity and nitrogen content. Passive warming 

was implemented using open-top chambers (OTCs). I hypothesized that mussel addition would 

enhance S. alterniflora’s resilience and productivity despite increasing temperatures by 

providing additional nutrients and buffering against thermal increases via greater evaporative 

cooling. In return, S. alterniflora will protect G. demissa by providing structure, shade, and 

protection against the increased heat. I also hypothesized that there would be a density-dependent 

tradeoff: high-density mussel treatments will result in crowding and competition for space, 

leading to neutral or negative effects on S. alterniflora. 

2. Materials & Methods 

To examine how facilitation is affected by warming stress, I conducted a manipulative 

field experiment in Hoop Pole Creek located in Atlantic Beach, North Carolina, USA (Figure 1). 

I manipulated temperature (warming, warming control, and complete control/open) in the 
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presence of mussels (low density, high density, and control/absent) for a fully factorial 

experiment of 9 treatments with 5 replicates each (Figure 2). Mussels were harvested from the 

marsh within Hoop Pole Creek near the experimental site and placed within plots at low and high 

densities of 30 and 60, respectively. Initial mussel densities were chosen to align with observed 

densities of natural surveys of nearby mounds (C. Brenner, unpublished). Experimental plots 

were 0.5m x 0.5m in size and placed in rows at least 0.5m apart to prevent shading. Prior to 

experimentation, I conducted a baseline site survey of the research area in May of 2024 to assess 

the natural relationship between mussel and S. alterniflora density. This survey was used to 

identify plant species density, height, mussel presence, as well as the relationship between 

mussel presence and shoot density, to quantify any changes before the treatments and at the end 

of the experiment. We used a 0.25m x 0.25m quadrat to sample areas both with and without 

visible mussel mounds to evaluate natural variation in mussel impacts. Once the warming 

experiment was initiated in June, monthly observational surveys of the research site were 

conducted until November 2024, with an additional spring survey in April 2025. Monthly 

surveys were conducted using a 0.25m x 0.25m quadrat within which we quantified live and 

dead shoot density, seven random stem heights, survivorship of secondary species, as well as any 

evidence of other species such as snails, mud crabs, and fiddler crabs. During Spartina’s 

reproductive period, September-October, flowering shoots were also counted as environmental 

stress has been found to stimulate higher plant reproductive effort (Kazan & Lyons, 2016). 
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Figure 1: Hoop Pole Creek, Atlantic Beach, North Carolina, research area. 
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Figure 2: Fully factorial experimental design crossing warming treatment and mussel 

density.  

 



   

 

 

35 

 
Figure 3: Experimental plots in field.  

 

 

Open-top chambers (OTCs) were installed to passively warm plots in situ. OTCs are a 

commonly used non-invasive passive warming technique that elevates daytime temperatures 

within the chamber by 1-1.8°C on average via a greenhouse effect that traps solar radiation 

within a tent-like structure (Marion et al. 1997; Carey et al. 2017; Frei et al. 2020). The OTCs 

were constructed with four 1m tall bamboo poles wrapped with clear greenhouse plastic to form 

a cube shape (Figure 3). The top panel of the OTC had a 15cm diameter circular opening to 

allow for evapotranspiration and precipitation. A gap of 15cm was included at the bottom of the 

OTC to allow for tidal flow and animal movement. Reflective tape was placed at the top of the 

structures to deter birds from landing on and damaging the warming device. Partial OTCs (aka 

OTC controls) were used to test for impacts of structure (e.g., shading, wind protection) on 

marsh productivity and mussel survivorship. Partial OTCS were constructed similarly to the 

OTCs themselves, but with three open sides, consisting of four bamboo poles but only two 

connected side panels, to allow for the impacts of structure without warming the plots. 



   

 

 

36 

Temperature data within plots were continuously recorded every hour throughout the study 

duration using HOBO Pendant MX Temperature Data loggers. At the beginning of the 

experiment, one logger was added to each treatment. In January of 2025, two additional loggers 

were added to each treatment for a total of three loggers per treatment. The three loggers were 

then averaged together for the subsequent analysis.  

Nearing the conclusion of the experiment, two mussels from each plot and ten randomly 

selected mussels located approximately 10 m from the experimental site were removed in 

November of 2024 to quantify mussel condition index (MCI), a measurement of health based on 

the shell to tissue ratio. Mussels outside of the research area also served as a natural comparator. 

Mussel tissues were removed from their shells and dried in pre-weighed aluminum tins at 60°C 

until a constant weight was reached, yielding dry shell weight (SW) and cooked meat weight 

(CMW) (g). The MCI was then calculated according to Davenport & Chen's (1987) equation 2: 

MCI = (CMW)/(CMW + SW) x 100.  

Prior to installation of the experiment in May 2024, five above and belowground cores 

were taken using a 10 cm diameter PVC corer as baseline data just outside of the experimental 

site. Below ground cores captured root and rhizome mass 10 cm below the surface. In April 

2025, at the end of the experiment, a core was taken from the center of each of the 45 plots. 

Above and belowground biomass was then separated, washed of any debris, wrapped in 

aluminum foil packets, and dried at 60°C until a constant weight was reached. Additionally, a 

Trimble RTK GPS was used to record plot elevation at the experiment’s start and conclusion 

from the center of each plot, where the mussels were most aggregated. 

In November of 2024, two Spartina alterniflora stems and a small sediment core (~5cm 

deep) were taken from each plot to evaluate carbon and nitrogen concentrations (C:N), with a 
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focus on nitrogen content as it is often positively correlated with mussel density and plant 

growth. Samples were collected from the middle of each plot within mussel aggregations, where 

G. demissa contributes nitrogen-rich pseudofeces to their surrounding environment as a 

byproduct of filter feeding. Both plant and sediment samples were dried at 60°C until fully 

desiccated, and each was ground into a fine powder with a mortar and pestle. Approximately 20-

30mg of the homogenized Spartina stem and sediment samples were transferred into small 

aluminum capsules and combusted at 1150°C. Carbon and nitrogen concentrations were 

quantified using a thermal conductivity detector (TCD) on an Elementar UNICUBE Elemental 

Analyzer (Langenselbold, Germany). 

2.1 Statistical Analyses 

All analyses were conducted in R version 4.3.1 using base functions and packages. All 

data was first analyzed for impacts related to physical structure using structural controls (partial 

OTCS), which were subsequently removed in every analysis moving forward, as partial OTCs 

did not differ significantly from open plots. To evaluate the combined influence of warming and 

mussel density on Spartina survivorship and mortality, we applied a linear mixed-effects model 

(lme4, Bates et al., 2015) with live and dead shoots as the response variables against warming 

and initial mussel density (0, 30, 60), and their interaction as fixed effects, with month treated as 

a random effect to account for repeated sampling. We also used a linear mixed-effects model to 

assess how warming, mussel density, and their interaction influenced the number of flowering 

shoot abundance, with month treated as a random effect. 

Hourly temperature data throughout the experiment were averaged to daily means from 

June to November, and again for April temperatures. For this study, I chose to examine the 

average temperatures for each day rather than temperature anomalies, as this most accurately 
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represents the thermal conditions that coastal ecosystems are likely to experience under future 

climatic scenarios. While anomalies bring their own suite of ecological pressures (e.g., heat 

waves), the daily mean temperature provides a consistent metric for assessing chronic exposure 

and the ecological impacts of sustained warming. A linear mixed-effects model was used to 

evaluate the effects of warming treatment and mussel density on daily mean temperatures, with 

month as a random effect to account for repeated sampling and variability due to seasonality.  

To analyze the variation in MCI, we used two linear models (lm) to compare the baseline 

and experimental data. First, we modeled the effects of warming treatment (ambient vs. 

warming), mussel density (low vs. high), and their interaction on MCI within experimental plots 

only. Then, to compare MCI from the experimental treatments to the comparator mussels, we fit 

a second model using treatment as a categorical predictor, which included all experimental 

combinations as well as reference mussels. For the carbon and nitrogen data, we used a three-

way factorial linear model to test for main and interactive effects of treatment and sample type 

(above vs. belowground) using ambient plots without mussels as the reference. Finally, a two-

way repeated measures ANOVA model was used to evaluate change in elevation from the 

beginning and end of the experiment to parse any post-experiment effects. Total elevation 

change was calculated as the difference between initial and final values. A subsequent linear 

model was used to evaluate the effects of warming and mussel density on elevation at the end of 

the experiment. Ambient plots without mussels were used as the reference group in both models.  

3. Results 

3.1 Warming 

Day-to-day temperature varied widely throughout the experiment across both warming 

and mussel addition treatments. Daily average temperatures in the partial OTC treatments did not 

differ significantly from the ambient treatments (p = 0.19), so these treatments were excluded for 
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simplicity. Ambient treatments are referred to as the control group moving forward; control 

treatments with zero mussels serve as the reference group in the linear mixed-effect models.  

Mean temperatures for the main monitoring period (June - November) duration were 

approximately 25.8°C under ambient conditions, while warmed treatments experienced 

temperatures of approximately 27.64°C (+1.84°C, p < 0.001, Figures 4 and 5, Table 1). In the 

control groups, high- and low-density mussels alone did not have a significant effect on the mean 

temperature compared to no mussel treatments (p = 0.943 and p = 0.659, respectively). 

Temperatures within warming treatments differed significantly between mussel treatments, with 

low mussel density decreasing daily average temperatures in warming treatments by 2.32°C (p < 

0.001) compared to ambient mussel absent treatments, and high mussel densities lowering the 

average temperatures 1.52°C (p < 0.001), indicating that the passive warming effect was reduced 

due to the presence of mussels. Throughout the duration of the entire experiment (June 2024 - 

April 2025), mean ambient temperatures were approximately 19.45°C (p < 0.001), with warming 

treatments averaging 1.77°C higher (p < 0.001, Figure 3). The same mussel cooling remained 

consistent: low density plots were approximately 1.93°C cooler (p < 0.001), and high densities 

were 1.3°C (p = 0.001) cooler. Mussels in ambient conditions had no significant effect on the 

temperature. In control plots, temperatures exceeded 40°C on 41 days. In warming treatments 

with no mussels, however, temperatures surpassed 40°C on 79 days, including 43 consecutive 

days spanning June 6 to July 7, July 23 to August 4, and August 9 to August 23, 2024. During 

these heat waves, mussels buffered extreme temperatures in warming treatments by 7.69°C and 

10.94°C (p < 0.001) for high and low densities, respectively.  
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Figure 4: Daily temperature means for all treatments from June – November 2024 and April 

2025, to align with marsh monitoring months. 

 

 

3.2 Plant Response  

Spartina alterniflora response was evaluated for survival, stem length, and flowering 

status throughout the experiment. Two-way ANOVAs revealed no significant impacts of the 

partial OTC structure on plant responses compared to open plots. As a result, the partial OTC 

treatment was dropped for simplicity, and hereafter only ambient treatments were analyzed as 

control treatments (live shoot density: p = 0.954, dead shoot density: p = 0.384, stem heights: p = 

0.846). Baseline site surveys revealed no significant differences between areas with and without 

mussels (Figure 5). 
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Figure 5: Live shoot density in baseline surveys of marsh grasses with and without mussels. 

 
 

Shoot density significantly varied among all treatments (Figure 6A & 6B). A Two-Way 

ANOVA showed live shoot density was significantly influenced by the interaction between 

mussel density and warming treatment (p = 0.015). Live shoot density was highest under 

ambient conditions at the intermediate mussel density (30 mussels), with a mean of 

approximately 42.91±2.17 shoots per plot, and was lower for both the ambient (0) and high 

density (60) mussel treatments (40.74±1.85, 39.77±1.99 shoots, respectively) (Figure 6A, Table 

1). In contrast, under warming conditions (OTC), shoot density was consistently lower across all 

mussel densities, with warmed low mussel density treatments having the lowest shoot density 

(33.31±1.96 shoots), suggesting that elevated temperature may have suppressed mussel-mediated 

facilitation in enhancing Spartina productivity. Linear mixed-effects models found that warming 

significantly reduced shoot density (β = –7.08, p = 0.0027), while mussel additions alone had no 

significant effect. No interactive effects were detected, suggesting that the presence of mussels 
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did not buffer or compound the effects of warming on plant productivity. For dead shoots, low 

mussel density (β = –2.45, p = 0.034) significantly reduced shoot mortality, but again with no 

significant interactions between the multiple factors (Figure 6B).  
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Figure 6A & 6B: Interactive effects of mussel density and warming on live (A) and dead 

(B) shoot density, respectively, per plot (0.5 m x 0.5 m). 

 

Shoot lengths remained relatively constant among all treatments throughout the 

experiment (Figure 7). Results from the linear mixed model suggest that neither warming 

treatment, initial mussel density, nor their interaction had a significant effect on shoot lengths. 

For flowering data, the model revealed significant negative effects of both warming (β = -1.26, p 

< 0.001) and low mussel density (β = -0.97, p = 0.006), indicating that each factor alone tended 

to reduce flowering shoot production (Figure 8). The reference condition, ambient with zero 

mussels, had a mean flowering shoot count of 1.31, which was nearly negated by warming. 

However, under warming conditions only, both low and high mussel densities had a significant 

positive effect on flowering (β = 1.03, p = 0.04 for both). Finally, neither treatments nor their 

interactions had any significant effect on observed snail density. 
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Figure 7: Shoot lengths (cm) throughout the experiment duration. 

 

 

 
Figure 8: Flowering shoots through experiment duration. 
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3.3 Surface Elevation  

The results from the two-way repeated measures ANOVA evaluating change in elevation 

between the start and end of the experiment found no statistically significant effects of warming, 

mussel density, or their interaction on elevation change (p = 0.380, 0.274, 0.134, respectively, 

Figure 9). In contrast, using data only from the experiment’s end, a linear model showed a 

positive relationship between elevation and high mussel density in ambient conditions (β = 

0.029, p = 0.018), with elevation increases observed under ambient conditions with mussels. 

However, the interaction between warming and high mussel density was negatively associated 

with end elevation (β = -0.034, p = 0.049) 

 

 

 
Figure 9: Elevation change (m) was not statistically different among warming and 

mussel density treatments.  
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3.4 Mussel Condition Index  

MCI was higher under warming conditions relative to ambient low mussel density 

treatments, with an increase of 0.68%, though not statistically significant (p = 0.083). High 

mussel density alone had no discernible effect on an individual’s MCI (p = 0.88), and the 

interaction term indicated a small decrease in MCI under warmed high-density conditions, but 

still not statistically relevant (β = -0.75, p = 0.17). A second linear model that included 

comparator mussels as the reference group found no significant differences in MCI across 

warming treatments (Figure 10). 

 

 
Figure 10: Mussel Condition Index (%) of mussels extracted from each warming 

treatment and by mussel density treatment (high or low). 

 

3.5 Carbon:Nitrogen Analysis 

We used linear models to evaluate the effects of the treatments, biomass type (above vs. 

belowground), and their interaction on carbon and nitrogen concentrations (C:N) among baseline 
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and manipulated treatments. Partial OTC treatments did not differ significantly from ambient 

controls (p = 0.62) and were excluded from final analyses. 

 Results from the nitrogen linear model revealed a consistent pattern: when compared to 

ambient, aboveground samples with zero mussels, belowground samples generally had lower 

nitrogen concentrations than aboveground (β = -0.638, p = 0.023; Figure 11A & 11B). Neither 

warming nor mussel density alone significantly impacted carbon concentrations relative to the 

reference conditions. No significant main effects of warming or mussel density, nor their 

interactions, were detected. The same linear model applied to carbon content found a similar 

pattern of belowground samples containing significantly less carbon than aboveground, 

regardless of treatment (β = -25.92, p < 0.001, Figure B2B) when compared to the reference 

conditions. No other main or interaction effects were statistically significant. 
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Figures 11A& 11B: Above (A) and belowground (B) nitrogen content across treatments. 
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Discussion 

This study was particularly timely as summer 2024 was the hottest on record globally 

(NASA 2024). Mean OTC temperatures were representative of future (year 2100) elevated 

climate predictions (IPCC, 2023). My results show mussel presence reduced mean plot 

temperatures by an average of 2.28°C in low-density treatments and 1.42°C in high-density 

treatments. However, this thermal buffering did not translate to greater plant productivity. All 

warmed plots exhibited depressed S. alterniflora growth compared to ambient plots. Mussel 

deposition and mounding were associated with higher elevations only under ambient conditions. 

Addition of nitrogen via mussel pseudofeces led to slightly higher but non-significant 

aboveground nitrogen concentrations, further indicating that while mussels may provide some 

stress relief, chronic warming may outpace facilitative buffering 

The observed thermal reductions are likely attributed to mussel mound formation 

enhancing the latent heat flux within the plots and reducing the rate of passive warming of the 

surrounding substrate (Helmuth, 1998). Mussel aggregations retain moisture within crevices 

created by clumping behavior and, in turn, influence microhabitat conditions at the sediment 

interface through evaporative cooling through enhanced water storage or by air-gaping. In 

addition to storing water, mussel aggregations facilitate crab burrowing, which promotes soil 

aeration and further contributes to temperature regulation. As a result, areas with mussel mounds 

may warm more slowly than adjacent areas without mussels. The cooling effect was less 

pronounced in high-density treatments, potentially due to a lower albedo effect associated with 

the increased shell number, or the individuals in crowded, thermally stressful conditions formed 

less cohesive mounds to aid in water retention. While we found mussels can indirectly buffer 

thermal extremes, their ability to do so appears density-dependent and does not translate to 
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enhanced plant growth under prolonged heat stress. This is consistent with non-linear facilitation 

thresholds, where intermediate densities of foundation species yield strong positive results, while 

excessively high densities can introduce competition or reduce the quality of the microhabitat 

(Bruno et al., 2003). Mussels improving water storage and mitigating the impacts of drought 

events for salt marsh plants have been well documented (Angelini et al., 2016; Derksen-

Hooijberg et al., 2019), as well as enhanced temperature mitigation in the center of mussel 

mound aggregates vs. the edges (Smith et al., 2024), yet little is known about how this 

temperature mitigation may extend to the broader microclimate outside of the mussel 

aggregation itself.  

Warming significantly reduced shoot density among all warmed treatments, regardless of 

mussel presence. Low mussel density plots had the coolest temperatures among the warmed 

treatments, but they also had the overall lowest shoot density throughout the experiment, 

suggesting that cooling alone is not sufficient to offset chronic thermal stress impacts on 

productivity. Given the role of nitrogen in supporting plant growth and its frequent limitation in 

salt marshes, we assessed whether mussel presence might enhance nitrogen availability and 

thereby support productivity despite warming effects. Mussels did not significantly impact the 

nitrogen content in a positive or predictable way in this experiment: the only significant impacts 

were seen when comparing above and belowground plant material. Belowground material had 

significantly lower amounts of nitrogen than shoot samples (β = -0.638, p = 0.023), but no main 

effects of mussels or warming significantly influenced nitrogen content. This contrasts with other 

studies that report a positive relationship between mussel density and sediment nitrogen 

availability (Bilkovic et al., 2017; Williams et al., 2024). Globally, plant nitrogen demand has 

outpaced soil nitrogen supply, likely due to rising atmospheric CO₂ and longer growing seasons 
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increasing demand (Noyce et al. 2019). Under typical nitrogen limited conditions, plants allocate 

their growth to roots to maximize nutrient uptake. At elevated temperatures (1.7°C above 

ambient), plant nitrogen demand increased to the point of net depletion of available nitrogen 

(Noyce et al. 2019). In my experiment, warming at an average of 1.84°C may have had similar 

effects, as belowground nitrogen concentrations decreased, despite mussel presence, which 

would normally enhance nitrogen availability. Another potential mechanism for this result is an 

increase in microbial activity in response to warming, likely accelerating the rate of organic 

matter decay and nutrient remineralization (Charles & Dukes, 2009; Montagna & Ruber, 1980). 

This could suggest that warming increased plant demand, exceeding the rate of supply, resulting 

in a net depletion of available nitrogen, despite the enrichment from mussels. Overall, my results 

suggest that while moderate mussel densities may enhance shoot density under current thermal 

conditions, the facilitative effect could be diminished, or potentially lost, under chronic elevated 

temperatures, such as an average increase of about 1.84°C as seen in the OTCs throughout the 

experiment duration. Declines in shoot density over time could compromise the marsh’s capacity 

to attenuate wave anergy, increasing its vulnerability to sea level rise and storm impacts. 

Additionally, reduced canopy cover may elevate soil salinity and contribute to broader habitat 

degradation. 

Shoot mortality was significantly reduced in the low mussel density treatment under 

ambient conditions throughout the experiment but was not associated with higher S. alterniflora 

density. In late fall, OTCs appeared to reduce or delay the seasonal Spartina die-off that occurs 

naturally under natural, non-manipulated conditions (Figure 6A&B), which is consistent with 

other studies that found warming extends the plant growing season (Kazan & Lyons, 2016; 

Noyce et al., 2019). Flowering shoots showed significant responses to warming and low mussel 
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density treatments independently, as well as the interaction between warming, low, and high 

mussel densities. Flowering effort under heat stress is an evolutionary strategy employed by 

plants to maximize the chances of reproduction, and often depends on the degree of chronic 

thermal stress, rather than the exact temperature (Kazan & Lyons, 2016). Warming alone nearly 

negated flowering shoots compared to baseline conditions (ambient temperature, zero mussels), 

suggesting that elevated temperatures may pose reproductive stress on Spartina, but the 

interaction of warming and both mussel densities was positive, suggesting that mussels may 

facilitate Spartina reproduction amidst sustained thermal stress. Though mussels did not enhance 

flowering outright, their capacity to facilitate reproductive output highlights a potential beneficial 

effect that may emerge under environmental stress, an observation consistent with the stress 

gradient hypothesis. 

While temperatures are expected to rise 2-4°C in the next century, salt marshes along the 

southeastern US may already exist at their upper thermal and physiological limits and are 

coupled with a suite of other compounding stressors. Salt marshes are shrinking, vulnerable 

environments that have lost >250,000 acres along the southeastern and gulf US coasts in the past 

25 years (Silliman et al., 2005). In these ecosystems, small changes in chronic temperature may 

push foundational species like Spartina alterniflora and Geukensia demissa beyond the 

thresholds where facilitative interactions can function effectively. If these facilitative 

relationships become less reliable over time or if mutualists are no longer able to keep pace with 

the increasing severity and frequency of stressors, the long-term stability of salt marshes may be 

at risk. While Spartina alterniflora is often the target of marsh restoration, future efforts to 

promote coastal resilience must not consider just the presence of key species, but the persistence 

of their facilitative ecological contributions over time and under changing conditions. 
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APPENDIX B 

 

 
Figure B1: Average monthly temperatures (°C) by mussel density and warming 

treatments. 
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Figure B2A& B2B: Above (A) and belowground (B) carbon concentrations 

 

 

 

 



   

 

 

59 

Table B1: Live Shoot Density 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 40.7429 2.9728 13.705 3.56E-08*** 

OTC -7.0857 2.3318 -3.039 0.0027** 

Ambient, low mussels 2.1714 2.3318 0.931 0.3529 

Ambient, high mussels -0.9714 2.3318 -0.417 0.6774 

OTC, low mussels -2.5143 3.2977 -0.762 0.4467 

OTC, high mussels 1.8857 3.2977 0.572 0.5681 

 

Table B2: Dead Shoot Density 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 14.1143 1.4445 9.771 9.20E-07*** 

OTC -1.8857 1.1487 -1.642 0.1023 

Ambient, low mussels -2.4571 1.1487 -2.139 0.0337* 

Ambient, high mussels -1.3143 1.1487 -1.144 0.2539 

OTC, low mussels -0.2286 1.6245 -0.141 0.8882 

OTC, high mussels 1.5429 1.6245 0.95 0.3434 

 

Table B3: Shoot lengths 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 44.0502 3.3102 13.307 5.67E-06*** 

OTC -0.4987 1.0444 -0.478 0.6331 

Ambient, low mussels -0.9527 1.0433 -0.913 0.3613 

Ambient, high mussels -0.7335 1.0433 -0.703 0.4822 

OTC, low mussels 0.3861 1.4777 0.261 0.7939 

OTC, high mussels 2.5314 1.4762 1.715 0.0866 

 

Table B4: Flowering Shoots 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 1.3143 0.361 3.641 2.13E-03** 

OTC -1.2571 0.353 -3.561 4.62E-04*** 

Ambient, low mussels -0.9714 0.353 -2.752 6.47E-03** 

Ambient, high mussels -0.3429 0.353 -0.971 0.33258 

OTC, low mussels 1.0286 0.4992 2.06 0.040662* 

OTC, high mussels 1.0286 0.4992 2.06 0.040662* 

 
Table B5: Snails 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 5.5429 0.9969 5.56 7.53E-06*** 

OTC -0.1714 1.1246 -0.152 0.879 

Ambient, low mussels -0.2857 1.1246 -0.254 0.8 

Ambient, high mussels -1.4286 1.1246 -1.27 0.205 
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Table B5: (continued). 

OTC, low mussels -0.6286 1.5904 -0.395 0.693 

OTC, high mussels -1.4286 1.5904 -0.898 0.37 

 

 

Table B6: Temperature (Main monitoring period, June – November) 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 25.8047 2.0142 12.811 4.57E-05*** 

OTC 1.8365 0.2996 6.129 1.35E-09*** 

Ambient, low mussels -0.1322 0.2996 -0.441 0.659234 

Ambient, high mussels 0.0211 0.2996 0.07 0.943874 

OTC, low mussels -2.3239 0.4238 -5.484 5.47E-08*** 

OTC, high mussels -1.5247 0.4238 -3.598 0.000339*** 

 

Table B7: Temperature (Entire experiment duration, June 2024 – April 2025) 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 19.45374 2.63141 7.393 2.22E-05 

OTC 1.77964 0.28084 6.337 2.93E-10 

Ambient, low mussels 0.03915 0.28128 0.139 0.88932 

Ambient, high mussels 0.1014 0.28128 0.36 0.71853 

OTC, low mussels -1.93429 0.39716 -4.87 1.21E-06 

OTC, high mussels -1.30326 0.39748 -3.279 0.00106 

 

Table B8: Above and belowground Nitrogen concentrations 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 1.3636 0.1916 7.118 5.42e-09 *** 

OTC -0.0961 0.2874 -0.334 0.7396 

Ambient, low mussels -0.069 0.2709 -0.255 0.8001 

Ambient, high mussels -0.0152 0.2709 -0.056 0.9555 

OTC, low mussels 0.3601 0.395 0.912 0.3666 

OTC, high mussels 0.4935 0.395 1.25 0.2177 

Belowground -0.6382 0.2709 -2.356 0.0227* 

Ambient, low mussels, belowground 0.275 0.3832 0.718 0.4765 

Ambient, high mussels, belowground 0.0686 0.3832 0.179 0.8587 

OTC, belowground 0.3091 0.395 0.783 0.4378 

OTC, low mussels, belowground -0.7731 0.5503 -1.405 0.1666 

OTC, high mussels, belowground -0.3333 0.5503 -0.606 0.5476 

 

Table B9: Above and belowground Carbon concentrations 

Treatment Estimate Std. Error T-value P-value 

(Intercept) 37.6468 2.2775 16.53 < 2e-16*** 

OTC 1.6987 3.4162 0.497 0.621 
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Table B9: (continued). 

Ambient, low mussels 1.4182 3.2208 0.44 0.662 

Ambient, high mussels 0.1916 3.2208 0.059 0.953 

OTC, low mussels -2.8927 4.6951 -0.616 0.541 

OTC, high mussels -0.2509 4.6951 -0.053 0.958 

Belowground -25.9202 3.2208 -8.048 2.16E-10*** 

Ambient, low mussels, belowground 1.5096 4.5549 0.331 0.742 

Ambient, high mussels, belowground 5.828 4.5549 1.279 0.207 

OTC, belowground 2.3527 4.6951 0.501 0.619 

OTC, low mussels, belowground -4.0559 6.5415 -0.62 0.538 

OTC, high mussels, belowground -4.0235 6.5415 -0.615 0.541 
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