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ABSTRACT

Stratified storage of dormant seeds in soil can result in natural archives useful for studying evolutionary responses to environmental change. For some species, dormant seeds can be harvested and revived or “resurrected” to compare with extant individuals and with other age cohorts across time. This approach, known as resurrection ecology, is especially useful when attempting to understand evolutionary potential, which provides the basis for projections about future evolutionary trajectories. In this dissertation, I examine the persistent seed bank of Schoenoplectus americanus, a foundational brackish marsh sedge, to a) determine whether it can serve as a resource for reconstructing demographic and population genetic trends over time, b) whether and how evolution may be occurring across a century. After extracting seeds from radionuclide-dated soil cores taken across the Chesapeake Bay, I “resurrected” age cohorts spanning the 20th century. In Chapter 1, I use microsatellites to assess genetic diversity/differentiation among age cohorts, drawing comparisons to extant plants at the study site and to extant plants in nearby and more distant marshes. I found genotypic differences among cohorts and between cohorts and extant plants. Genetic diversity did not decline with depth, suggesting differentiation is likely not due to attrition. In Chapter 2, I use single nucleotide polymorphisms (SNPs) to examine population diversity/differentiation for resurrected plants taken from multiple marshes to understand how regional-scale geography interacts with temporal change. I found that location explained genetic clustering better than temporal differences, suggesting that habitat differences and relatively small geographic distance between marshes are consequential for S. americanus evolution. In Chapter 3, I deployed two resurrected age cohorts from one marsh in a greenhouse experiment to assess phenotypic differences. I cloned plants across triply crossed conditions: simulated sea level rise (salinity, inundation) and competition. Biomass by treatment did not significantly differ when averaging by cohort. However, variance was smaller for young versus old cohorts, suggesting reduction in phenotypic plasticity across time. In Chapter 4 I compare the gene expression of S. americanus across time to understand plastic and genomic responses to salinity across time. I also compared gene expression differences in response to salinity for stem/root tissue and between cohorts. I found that salinity treatment resulted in significantly different expression levels and some evidence of differentiation by age cohort, but only for root tissue. Overall, this work describes complex, geographically variable, and small evolutionary shifts across time in S. americanus. This suggests that local population and/or habitat differences mitigate change through time, which may be in response to climate change corollaries.
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[bookmark: _Toc289175819][bookmark: _Toc57401128]INTRODUCTION 
[bookmark: _Toc57401129]Resurrection Ecology and Eco-Evolution 
[bookmark: _Toc57401130]Resurrection ecology is a powerful approach for understanding the past and predicting the future
Studying history to predict the future is common across many academic fields. In evolutionary biology and ecology, several classic approaches to understanding how populations and species may evolve in the future include experimental evolution and space-for-time studies (e.g. Elena and Lenski 2003; Hart et al. 2019). Experimental evolution, the study of evolutionary processes in experimental populations in response to artificial conditions, is increasingly used to study adaptation and evolutionary hypotheses (Kawecki et al. 2012). Experimental evolution has been successfully leveraged to examine how microorganismal genomes and phenotypes evolve over generations (Elena and Lenski 2003). Space-for-time studies are perhaps even more common for understanding evolutionary trajectories; this approach involves comparing species’ populations from different points along a species’ range to determine possible responses to future or historical climate change (Blois et al. 2013). However, these techniques include many confounding variables that prevent inferring directly how evolution may have occurred historically or is likely to progress in future (Blois et al. 2013; Lässig et al. 2017). In contrast to this, resurrection ecology is an increasingly popular and powerful approach to studying the past. Resurrection ecology enables researchers to look back in time, gather data on historical populations, and leverage this information to better predict evolutionary trajectories. Resurrection ecology is defined as the revival of dormant life stages (e.g. seeds, eggs, spores) to quantify phenotypic and genotypic patterns that span centuries to millennia (Kerfoot et al. 1999; Kerfoot and Weider 2004; Weider et al. 2018a). Popularity of resurrection ecology has increased as more numerous studies, particularly in zooplankton systems, demonstrate its capacity to demonstrate evolutionary shifts, sometimes rapid ones, and to attribute these shifts to anthropogenic change or stress in some cases (Hairston et al. 1996; Cousyn et al. 2001; Brendonck and De Meester 2003; Brans and De Meester 2018). For example, the zooplankton, Daphnia, produces resting-stage eggs known as ephippia that become buried in sediments, particularly in lakes (Hairston et al. 1996; Weider et al. 1997). Coring lake sediments, extracting ephippia, reviving them and comparing traits and genetics across time enabled researchers to detect population shifts in response to cultural eutrophication (Frisch et al. 2014a), to characterize recolonization of a lake recovering from heavy metal contamination (Pollard et al. 2003), and interspecific hybridization as a function of anthropogenic pollution (Brede et al. 2009). Given the potential and demonstrated benefits of leveraging resurrection ecology, others have extended the approach to include revival of seeds from human-collected seed banks as well (Franks et al. 2018). Similarly, studies in serendipitously hand-collected seeds of Brassica rapa demonstrate that multi-year drought resulted in phenology shifts (Franks et al. 2007; Franks and Weiss 2008; Franks 2011). There have also been some resurrection studies in species like monkeyflowers (Wooliver et al. 2020) and other species that generally examine presence and absence of species relative to standing diversity (Hill and Vander Kloet 2005; Mandák et al. 2006; Cabin 2008). In general leveraging of naturally formed seed banks of plants that span longer than a few decades is uncommon (but see Bennington et al. 1991; McGraw et al. 1991; Vavrek et al. 1991) with fewer studies that examine phenotypic and genotypic shifts together over time. Overall, resurrection ecology can improve the details of the intimate connection between ecological processes and evolutionary processes across time. 
[bookmark: _Toc57401131]Rapid and eco-evolution and resurrection ecology 
[bookmark: _Toc57401132]The timeframe of evolutionary change is generally understood to unfold over millions of years. However, microevolution, also called rapid evolution, occurs at the same rate as ecological processes in just a few generations, with large effects for population fitness and survival (Hairston et al. 2005; Carroll et al. 2007). In recent years, rapid evolution has garnered increased interest as questions of species survival depend on concomitant response to climate change (Yin 2012; Merilä and Hendry 2014; Becklin et al. 2016). Worsening climate change corollaries requires many species to respond in some way, either via plasticity, migration, or adaptation (Davis, Shaw, Etterson 2005; Alberto et al. 2013). This is especially true for sessile organisms like plants which have limited capacity to migrate. Numerous studies document adaptive shifts in plant populations in response to climate change corollaries (Mitchell et al. 2018; Hamann et al. 2018; Saban et al. 2019; Walker et al. 2019). Thus, understanding how quickly populations are capable of adapting will prove vital to predicting species persistence (Hoffman and Sgro 2011; Alexander 2013) especially as climate change worsens. Resurrection ecology provides a useful approach for directly comparing older and younger iterations of a population, better enabling the detection of rapid evolution. Several studies in Daphnia demonstrate the capacity of the resurrection approach to detect rapid evolutionary change to climate change corollaries (Geerts et al. 2015; Zhang et al. 2018). As more species and populations face threats from climate change, leveraging of approaches like resurrection ecology in appropriate systems can provide valuable insight into evolutionary futures of threatened species.
Leveraging population genetics and genomics for understanding future trajectories
[bookmark: _Toc57401133]A key tool in understanding evolutionary potential of species suitable for resurrection ecology are molecular techniques that enable population genetic and genomic analyses. Population genetics and genomics methodologies are becoming increasingly accessible and commonplace for non-model organism studies. Leveraging genetic and genomic data provides insight into genetic diversity within and between populations (Travis et al. 2004; Hines et al. 2014; Lavretsky et al. 2019), can enable detection of potentially adaptive hybridization across populations or species (Macaya-Sanz et al. 2016; Mitchell et al. 2019), and enable detection of mutations or outlier loci that could indicate selection events (Hoban et al. 2016; Perrier et al. 2018). More recently use of RNA sequencing has also proven useful to understanding evolutionary change and its interplay with plasticity (Alvarez et al. 2015; De Biasse et al. 2018; Harder et al. 2020). The use of genetics and genomics techniques, especially in combination with resurrection ecology can be a valuable way to untangle evolutionary shifts across time, and potentially as responses to climate change.
Coastal Wetlands and Climate Change
		 
[bookmark: _Toc57401134]Climate change threatens many species with shifts in environmental conditions outside of their optimal range (Hoffman and Sgro 2011; Yin 2012; Fischer and Knutti 2016; Grant et al. 2017). Stress from rising ambient CO2, rising seas, altered precipitation regimes and extreme heat events have all demonstrated devastating effects on a range of ecosystems and their constituent species (Angeler 2007; IPCC 2014; Wiens 2016). Ecosystems like coastal wetlands, which exist at the junction of terrestrial and oceanic influences, face many environmental stressors as climate change worsens (Osland et al. 2016; Schuerch et al. 2018). Numerous studies examine impacts of these combined stressors on coastal wetland plant communities, namely rising ambient CO2 and sea level rise (Kearney et al. 1991; Cherry et al. 2009; Langley et al. 2009; Adam Langley et al. 2013). Overall, coastal wetlands respond in complex and nuanced ways to mild shifts in environmental conditions but are imminently threatened by the worst climate change projections (IPCC 2014). 
Major climate change corollaries threaten coastal wetland communities
Coastal wetlands provide invaluable services to human society and their surround ecosystem. Wetlands buffer coastal communities from storm surge (Gedan et al. 2011), filter run-off as it flows into major water bodies, serves as nurseries for numerous fish species that form the backbone of food webs and store vast amounts of carbon (i.e. “blue” carbon) (Chmura et al. 2003; Mcleod et al. 2011). In addition, many coastal wetlands hold incalculable cultural value for Native American communities and other parts of society (Mitsch and Gosselink 2007). 

Sea level rise and its impact on coastal wetlands is of particular interest for coastal wetland researchers as the rate of sea level rise could inundate marshes (Kirwan and Guntenspergen 2012; Kirwan and Megonigal 2013). As sea level rise worsens, increased salinity and inundation of wetland plant communities can result in mass die-offs (Schile et al. 2014; Schile et al. 2017). Lack of vegetation in wetlands can ultimately result in conversion of land to open water as vegetation’s contribution to soil organic matter and capacity to trap sediment are vital for maintenance of marsh elevation (van der Wal and Pye 2004; Schile et al. 2014; Mueller et al. 2016). 

Understanding how coastal wetland plant communities may respond to future climate change can thus impact both human and ecological communities immensely. One foundational coastal marsh plant, found across the Atlantic and Gulf Coasts is Olney’s bulrush (Schoenoplectus americanus), which forms a seed bank in marsh sediments as a function of its small, hard and highly dormant seeds (Sipple 1978; Smith 2012). Leveraging the seed bank of S. americanus in a resurrection ecology study can better inform how it and co-occurring species will likely respond to climate change corollaries in the future. 
Here, I examine the persistent seed bank of Schoenoplectus americanus to a) determine whether it can serve as a resource for reconstructing demographic and population genetic/genomic variation, b) whether and how evolution may be occurring across a century. After extracting seeds from radionuclide-dated soil cores taken across the Chesapeake Bay, I “resurrected” age cohorts spanning the 20th century. In Chapter 1, I use microsatellites to assess genetic diversity/differentiation among age cohorts, drawing comparisons to extant plants at the study site and to extant plants in nearby and more distant marshes. In Chapter 2, I use SNPs to examine population diversity/differentiation for resurrected plants taken from multiple marshes to understand how regional-scale geography interacts with temporal change. In Chapter 3, I deployed 2 resurrected age cohorts from one marsh in a greenhouse experiment to assess phenotypic differences. I cloned plants across triply crossed conditions: simulated sea level rise (salinity, inundation) and competition. In Chapter 4 I compare the gene expression of S. americanus across time to understand plastic and genomic responses to salinity across time. This work aims to characterize the genetic and genomic signatures of change over time in a sedge that has faced major environmental change over the past century and to use this work to improve understanding potential future change. 






[bookmark: _Toc289175825][bookmark: _Toc57401135]CHAPTER I
A century of genetic variation inferred from a persistent soil-stored seed bank



A version of this chapter was originally published by Jennifer L. Summers, Brittany Bernik, Colin J. Saunders, Jason S. McLachlan, Michael J. Blum:

Summers JL, Bernik B, Saunders CJ, McLachlan JS, Blum MJ. 2018 Jul 29. A
century of genetic variation inferred from a persistent soil-stored seed
bank. Evol. Appl. http://doi.wiley.com/10.1111/eva.12675
[bookmark: _Toc289175826][bookmark: _Toc57401136]Abstract	
[bookmark: _Toc289175827][bookmark: _Toc57401137]Stratigraphic accretion of dormant propagules in soil can result in natural archives useful for studying ecological and evolutionary responses to environmental change. Few attempts have been made, however, to use soil- stored seed banks as natural archives, in part because of concerns over nonrandom attrition and mixed stratification. Here, I examine the persistent seed bank of Schoenoplectus americanus, a foundational brackish marsh sedge, to determine whether it can serve as a resource for reconstructing historical records of demographic and population genetic variation. After assembling profiles of the seed bank from radionuclide-dated soil cores, I germinated seeds to “resurrect” cohorts spanning the 20th century. Using microsatellite markers, I assessed genetic diversity and differentiation among depth cohorts, drawing comparisons to extant plants at the study site and in nearby and more distant marshes. I found that seed density peaked at intermediate soil depths. I also detected genotypic differences among cohorts as well as between cohorts and extant plants. Genetic diversity did not decline with depth, indicating that the observed pattern of differentiation is not due to attrition. Patterns of differentiation within and among extant marshes also suggest that local populations persist as aggregates of small clones, likely reflecting repeated seedling recruitment and low immigration from admixed regional gene pools. These findings indicate that persistent and stratified soil- stored seed banks merit further consideration as resources for reconstructing decadal- to century-long records that can lend insight into the tempo and nature of ecological and evolutionary processes that shape populations over time.
Introduction

Stratigraphic accretion of dormant propagules in soil can result in natural archives useful for studying ecological and evolutionary responses to environmental change (Hansen, 2012). Ephippia (i.e., resting stage eggs) of freshwater zooplankton recovered from lake sediments, for example, have been leveraged to reconstruct decadal- to century- long records of response to environmental degradation including acidification, eutrophication, heavy metal contamination, and warming (e.g., Brede et al., 2009; Brendonck & De Meester, 2003; De Meester, Van Doorslaer, Geerts, Orsini, & Stoks, 2011; Derry, Arnott, & Boag, 2010; Hairston et al., 1999; Kerfoot, Robbins, & Weider, 1999; Limburg & Weider, 2002; Mergeay, Vanoverbeke, Verschuren, & Meester, 2007; Pollard, Colbourne, & Keller, 2003; Weider, Lampert, Wessels, Colbourne, & Limburg, 1997). Like resting eggs in lake sediments, seed banks have proven to be useful natural archives. Seeds recovered from shallow soils and aerial banks (i.e., seeds retained on parent trees) can serve as resources for understanding the magnitude and structure of genetic variation across successive life history stages (Ayre, O’Brien, OtteIll, & Whelan, 2010; Barrett, He, Lamont, & Krauss, 2005; Cabin, Mitchell, & Marshall, 1998; Hock, Szövényi, Schneller, Tóth, & Urmi, 2008; Zipperle, Coyer, Reise, Stam, & Olsen, 2009). Seeds have been revived from stored collections to assess microevolutionary responses to recent climate- related environmental change (Franks, 2011; Franks, Sim, & Weis, 2007; Franks & Weis, 2008; Franks & Weis, 2009; Sultan, Horgan- Kobeweski, Nichols, Riggs, & Waples, 2013). Seeds in time-stratified sediments also are often used for paleoecological reconstruction of plant community composition over time (e.g., Jarrell, Kolker, Campbell, & Blum, 2016; Törnqvist et al., 2004). Few attempts have been made, however, to reconstruct historical records of genetic variation to infer ecological and evolutionary responses of plants to environmental change from time-stratified soil-stored seed banks (Bennington, McGraw, & Vavrek, 1991; Gugerli, Parducci, & Petit, 2005; McGraw, 1993; Morris, Baucom, & Cruzan, 2002; Vavrek, McGraw, & Bennington, 1991). Biased representation and poor stratification are two well-recognized concerns that have deterred use of soil-stored seed banks for reconstructing records of genetic variation and other aspects of organismal evolution (Brendonck & De Meester, 2003; Franks & Weis, 2008; Weis, 2018). Bias can arise because, for many plants, only a fraction of seeds that fall to the ground enter the seed bank (Templeton & Levin, 1979). Nonrandom attrition of buried seeds or selection acting on traits associated with germination can further bias the composition of a seed bank over time (Weis, 2018). Mixing or weak stratification of soil layers also can confound relative and absolute aging of buried propagules (Brendonck & De Meester, 2003; Franks & Weis, 2008; Hairston & Kearns, 2002). Steps can be taken, however, to mitigate both concerns. For example, targeting a species with prolific seed production can reduce the likelihood of biased representation and false signatures of selection (Brendonck & De Meester, 2003; Weider et al., 1997). In addition, seeds from distinct depth ranges can be treated as age-relative “cohorts” (Morris et al., 2002) and, like resting stage eggs, seeds can be precisely dated when recovered from depositional environments, such as freshwater lakes and coastal wetlands, with highly stratified sediments (Bennington et al., 1991; Brendonck & De Meester, 2003; Jarrell et al., 2016; Törnqvist et al., 2004; Vavrek et al., 1991). Prior use of the soil-stored seed bank of the foundational coastal marsh sedge Schoenoplectus americanus (Pers.) Volkart ex Schinz & R. Keller (Cyperaceae) for studying paleoecological responses to environmental change (e.g., Jarrell et al., 2016; Saunders, 2003; Törnqvist et al., 2004) indicates that it also could be a valuable resource for reconstructing historical records of genetic variation. Formerly known as Scirpus olneyi (and commonly known as chair-maker’s bulrush and Olney’s bulrush), S. americanus has been the focus of more than three decades of research on coastal marsh responses to climate change (e.g., Arp, Drake, Pockman, Curtis, & Whigham, 1993; Blum, McLachlan, Saunders, & Herrick, 2005; Broome, Mendelssohn, & McKee, 1995; Drake, 2014; Langley, McKee, Cahoon, Cherry, & Megonigal, 2009; Langley & Megonigal, 2010; Langley, Mozdzer, Shepard, Hagerty, & Megonigal, 2013; Rasse, Peresta, & Drake, 2005; Saunders, Megonigal, & Reynolds, 2006). Annual production of a prolific number of seeds with exceptionally durable coats (Miller, Smeins, Webb, & Longnecker, 1997; Sherfy & Kirkpatrick, 1999) can result in highly stratified seed banks that persist for decades to millennia (Brush, 2001; Jarrell et al., 2016; Saunders, 2003; Törnqvist et al., 2004). Profiles of S. americanus seed banks have been used to infer shifts in relative abundance over time, as S. americanus seed production correlates with peak season aboveground biomass (Jarrell et al., 2016; Saunders, 2003). Seed bank profiles of S. americanus also have served as a resource for paleoecological reconstruction of marsh responses to sea level rise (Jarrell et al., 2016; Saunders, 2003; Törnqvist et al., 2004) because the contribution of S. americanus primary production to soil organic matter accumulation is mediated by estuarine salinity (Choi, Wang, Hsieh, & Robinson, 2001; Rasse et al., 2005; Ross & Chabreck, 1972). Depending on the condition of buried seeds, it also might be possible to characterize genetic variation over time to draw further inferences about the tempo and nature of S. americanus responses to environmental change. In this study, I evaluated the extent to which soil-stored seed banks of S. americanus can serve as natural archives for reconstructing historical records of demographic and genetic variation. I first assessed whether sediments exhibited a time-stratified structure characteristic of recurring deposition and accumulation. I then assessed whether seed densities steadily declined with soil depths or exhibited variation consistent with shifts in the abundance of S. americanus through time (Jarrell et al., 2016). I also assessed whether genetic diversity declined with increasing soil depth, which can result from attrition or differences in germination bias (Orsini et al., 2016). In addition, I assessed whether estimates of genetic structure and pairwise measures of genetic distance varied erratically with increasing soil depth, which can also result from non-random attrition and bias. I did so by first reconstructing the stratigraphy of buried seeds from 210Pb and 137Cs dated soil cores. I then germinated seeds to “resurrect” and genotype cohorts spanning the 20th century. Using a suite of microsatellite markers, I inferred patterns of genetic diversity and differentiation among “resurrected” cohorts, drawing comparisons to extant plants at the coring site as well as in nearby and more distant marshes across the Atlantic and Gulf coasts. In addition to offering perspective on the potential importance of nonrandom bias, this approach enabled me to infer whether patterns of temporal variation reflect immigration or local population differentiation (Holt, 1990). It also enabled me to bypass concerns about DNA contamination of buried seeds (Anderson-Carpenter et al., 2011; Gugerli et al., 2005) and assess whether soil-stored seed banks can serve as resources for assembling experimental populations to study adaptive evolution to contemporary environmental change (Franks et al., 2007).

[bookmark: _Toc57401138]Methods
[bookmark: _Toc61465742][bookmark: _Toc289175849]I excavated sediment cores from Kirkpatrick Marsh (Table_Attachment_1), which is the site of the Global Change Research Wetland (GCReW) operated by the Smithsonian Environmental Research Center (Arp et al., 1993; Broome et al., 1995; Rasse et al., 2005). The GCReW has supported several studies that span 30+ years of investigation (e.g., Curtis, Drake, & Whigham, 1989; Lu et al., 2016) of ecosystem-level responses to elevated CO2 (Drake, 2014), nitrogen (Langley & Megonigal, 2010), invasive species (Caplan, Hager, Megonigal, & Mozdzer, 2015), and warming (Megonigal et al., 2016). As a dominant species of the GCReW plant community, S. americanus has featured prominently in much of this work. Kirkpatrick Marsh borders the Rhode River, a sub-estuary of Chesapeake Bay near Edgewater, Maryland (38º 51′N, 76º 32′W). Elevation of the marsh is 40–60 cm above mean low water, with 20% of high tides flooding the site (Jordan, Pierce, & Correll, 1986). Soil salinity ranges from 2 ppt to 18 ppt during the growing season (May to September), where inter-annual variation in growing season salinity is inversely correlated with rainfall (Saunders, 2003). I reconstructed soil stratigraphy and seed bank profiles from a set of soil cores taken in Kirkpatrick Marsh. As described by Saunders (2003) and Saunders et al. (2006), a series of 70-cm deep piston cores (5.1 cm diameter) were excavated between 1997 and 2000 at four-month intervals for a study quantifying depth profiles of C3 and C4 belowground biomass in eleven 1.5- m2 plots in the marsh. Soil core samples from a 1.5- m2 plot with equal amounts of C3 (S. americanus) and C4 (e.g., Spartina patens, Distichlis spicata) aboveground biomass were used to quantify a vertical profile of S. americanus seeds (Table_Attachment_1, Figure 1). In October 2002, I removed a supplemental 30 cm diameter × 35 cm deep core (hereafter referred to as a “soil monolith”) to recover additional S. americanus seeds for germination assays. The soil monolith was taken adjacent to the mixed C3-C4 study plot (Plot #15; Table_Attachment_2) where the 1997–2000 cores were taken to reconstruct the seed bank profile. In addition, in February 2004, I removed two more piston cores (15.2 cm diameter, 30 cm apart) 2 m from where the soil monolith was taken to further quantify the vertical profile of S. americanus seeds (Figure 1), to recover more seeds for germination assays (Table_Attachment_1), and to estimate accretion rates. Following removal, all sampled soil was transported to Duke University for processing and analysis. The 2002 soil monolith was sliced into 2 cm increments perpendicular to the vertical axis for recovery and germination of S. americanus seed cohorts (Table_Attachment_1). The first 2004 piston core (“core 2004-A,” 65 cm deep) was also cut into 2 cm layers, with one half of each layer dry-sieved over a 2 mm mesh (to remove large roots and rhizomes) in preparation for radio-nuclide analysis of 210Pb and 137Cs (Saunders, 2003). Soil dates from 210Pb radionuclide data Ire estimated according to the constant rate of supply model (Appleby & Oldfield, 1978) to allow for variable accretion over time, as accretion rates in Chesapeake Bay marshes have fluctuated over the last 200 years  (Kearney, 1996; Kearney, Stevenson, & Ward, 1994). Variability in soil dates was calculated by first-order error analysis of counting uncertainty (Binford, 1990). The depth of peak 137Cs activity was used as an independent marker of the depth corresponding to 1964, the year when 137Cs reached peak concentrations in the atmosphere. The remaining soil from core 2004-A was used to recover additional seeds for germination and for reconstructing the seed bank profile (Table_Attachment_1, Figure 1). The second piston core (“core 2004-B”; 40 cm deep) was used to recover additional seeds from soil horizons deeper than 8 cm for germination assays
[bookmark: _Toc57401139]Seed germination and tissue sampling of “resurrected” cohorts
I conducted two germination assays to assess seed viability as well as to “resurrect” and genotype plants from buried seeds (e.g., Härnström, Ellegaard, Andersen, & Godhe, 2011; Kerfoot, Budd, Eadie, Vanderploeg, & Agy, 2004; Kerfoot & Weider, 2004; Zipperle et al., 2009). I conducted the first germination assay from February to March 2003 to evaluate the viability of seeds recovered from the 2002 soil monolith. Seeds from the 2–4, 8–10, 14–16, 20–22, and 22–24 cm layers (Table_Attachment_1) of the monolith were planted in a 1:2 mixture of sterile sand and Ferry & Morse Seed Starter Mix ® (Ferry & Morse, Fulton, KY, USA). I filled 32 pots with the mixture and arrayed the pots in a rectangular grid within a 6 cm deep tray (24 × 48 cm2). The tray was filled with water, and water levels were kept at approximately 1 cm below the soil surface. Seeds from each of the five soil layers were randomly assigned to 2–4 pots per layer with 10–30 seeds placed in each pot. The tray was placed in a growth cabinet with a 15-hr light:9-hr dark photoperiod and 30°C constant temperature (due to a mechanical problem, the photoperiod during the first 6 days was 24-hr light:0-hr dark). The number of germinating seeds was recorded daily for the first 7 days and again at 10, 12, 14, and 19 days after planting. The second germination assay was conducted from May to July 2004 involving (a) 328 additional seeds recovered from depths 2–4, 8–10, 14–16, 20–22, and 22–24 cm of the 2002 soil monolith; (b) 1,136 seeds recovered from all depths (0–64 cm) of core 2004- A; and (c) 480 seeds recovered from depths 8–10, 14–16, 20–22, and 22–24 cm of core 2004-B (Table_Attachment_1). All seeds were planted in separate pots, each filled with one part sand and two parts Fafard Professional Formula Seed Starter Potting Mix ® (Conrad Fafard, Inc., Agawam, MA, USA). The assay was conducted in a growth room with a 15-hr light:9-hr dark photoperiod and 30°C constant temperature. Germination success was recorded as in the first assay. Differences in germination among seed cohorts Ire assessed using analysis of variance (ANOVA) in Systat v.13 (SPSS, Chicago, IL, USA). Bonferroni-corrected post hoc least-squares means tests were conducted to compare cohorts. Approximately 0.30 g of leaf tissue was taken from each of 75 individual seedlings resulting from the two germination assays for genetic analysis of the 2–4, 8–10, 12–14, 14–16, 20–22, and 22–24 cm depth cohorts (Table_Attachment_1 and Table_Attachment_2).
[bookmark: _Toc57401140]Tissue sampling of extant populations		
[bookmark: _Toc289175830]Tissues were collected for genetic analysis of extant individuals in Kirkpatrick Marsh to better understand patterns of temporal genetic variation. In the growing seasons of 2002 and 2003, a total of 109 tissue samples were collected from S. americanus in 27 1.5 m2 plots located within a 130 x 80 m2 section of Kirkpatrick Marsh (Table_Attachment_2). A 10 cm long tissue sample was trimmed from one to six green shoots per plot (Table_Attachment_2). Since S. americanus can reproduce asexually through vegetative tillering, care was taken to sample evenly across each plot to minimize repeated sampling of the same genet. The relative location of each sample was noted according to the UTM coordinates of the plot, which were spaced ≥2.5 m apart.  
The majority of the plots were established in 1987 to study ecological and physiological responses of S. americanus and co-occurring C4 species to elevated atmospheric CO2 (Arp et al., 1993). Accordingly, these plots differ in CO2 exposure regime (Table_Attachment_2). The remaining plots were established in 1997 for the study of marsh biogeochemistry (Saunders, 2003; Saunders et al., 2006). The vegetative composition of the plots ranged from monospecific stands of S. americanus, to mixed communities where S. americanus co-occurs with S. patens and other C4 plant species, to stands dominated by S. patens (Arp et al., 1993; Saunders, 2003; Table_Attachment_2).  
An additional 111 tissues samples were collected from S. americanus in nine other marshes across Chesapeake Bay during the 2003 growing season (Table_Attachment_S1). From nine to nineteen samples were collected from each location (Table_Attachment_S1). Between 2002 and 2008, another 138 samples were collected from nine other marshes along the Atlantic coast, and 296 samples were collected from 17 marshes along the Gulf of Mexico coast (Table_Attachment_S1). At each location, complete or nearly complete shoots with seed-bearing inflorescences were taken from plants spaced ≥3 m apart. The coordinates of individual samples from these marshes were not taken. All tissue samples were stored in coolers with ice packs for transport to long term storage in -20oC freezers.
[bookmark: _Toc57401141]Genetic data collection
I genotyped all resurrected and extant specimens at 11 microsatellite loci to examine patterns of temporal and spatial genetic variation (Blum et al., 2005). Genomic DNA was extracted from shoot tissue from all samples using DNeasy plant extraction kits (Qiagen, Inc.). The loci SCAM.4, SCAM.5, SCAM.7, SCAM.8, SCAM.11, SCAM.13, SCAM.14, and SCAM.16 described in Blum et al. (2005) were used to genotype all individuals. Three additional loci, corresponding to the following primer sets were also used in this study: SCAM.17 (forward: 5'-GCTGACGCTTCCGTAAAAC-'3; reverse: 5'-TCCGTTGAG TCCTTGCTCT-'3), SCAM.18 (forward: 5'-GTTTCCTGCTTGTCTTTCTG-'3; reverse: 5'-CACACCTCTTCTTCCTCTCTT-'3), and SCAM.19 (forward: 5'-AACTCCAA AGAACAAACCTTC-'3; reverse: 5'-GTGGGAAACAGACTGGTAGTAG-'3). All 11 loci were designed to anneal at 53˚C. Following Blum et al. (2010), I implemented a chloroplast DNA PCR-RFLP assay to confirm species-level maternal ancestry to assess whether specimens were of hybrid origin (i.e., to differentiate S. americanus from S. pungens ancestry) (Blum et al., 2005; Blum et al., 2010). This confirmed that all 729 tissue samples used for this study exhibited S. americanus species-level cpDNA ancestry and none exhibited evidence of admixed genotypes (Blum et al., 2010). 
For each individual and each microsatellite locus, 10-50 ηg of genomic DNA was used as template in 15 µl PCR mixtures that also included 1U of Taq polymerase (Invitrogen), 75 μM of each dNTP, 1 pmole of each primer, and 1x PCR buffer (200 mM Tris HCl, pH 8.4; 500 mM KCl). The forward primer was fluorescently labeled with HEX, 6-FAM, or TET for each primer pair. All PCR amplifications Ire generated with a thermal regime of 35 cycles of 94˚C for 45 seconds, 53˚C for 30 seconds, and 72˚C for 90 seconds, followed by a final extension stage at 72˚C for 5 minutes. The labeled PCR amplicons Ire sized against a CST ROX 50-500 standard (BioVentures, Inc.) on an ABI 3100 Genetic Analyzer (Applied Biosystems, Life Technologies) and scored with Genemarker software (Softgenetics, Inc.).
[bookmark: _Toc57401142]Genetic data analysis
[bookmark: _Toc57401143]Clonality, genetic diversity, and effective population size.
I first determined the number of multilocus genotypes (G) and the proportion of samples exhibiting a distinct genotype (R) for each depth cohort and sample site using the program GenAlEx v.6.41 (Table_Attachment_2, Table_Attachment_S1) (Peakall & Smouse, 2006). I also assessed the probability that shoots with identical genotypes Ire members of the same clone using the Pgen routine in the program GenClone v.2.1 (Parks & Werth, 1993; Arnaud-Haond & Belkhir, 2007). Additionally, I calculated the probability of sampling a second occurrence of each genotype given the number of genets sampled using Psex (Parks & Werth, 1993), and I used GenClone v.2.1 to calculate the clonal subrange (Alberto et al., 2005; Harada et al., 1997) of extant S. americanus in Kirkpatrick Marsh. 

I estimated genetic diversity by first calculating expected heterozygosity (He) and Shannon Diversity (S) including all samples (i.e., without discarding clones) per depth cohort and sample site using Microsatellite Analyzer (MSA) (Dieringer & Schlotterer, 2003). I also calculated He, S and rarified values of allelic richness (AR) excluding putative clones to account for the possibility of repeated sampling of genetically identical specimens. Additionally, I estimated effective population size (Ne) for each depth cohort and for sites sampled for extant S. americanus, based on Burrow’s composite measure of disequilibrium as implemented in the program LDNe (Waples, 2008). Unless otherwise noted, all subsequent analyses were carried out with estimates derived from datasets without putative clones. 

With depth serving as a proxy for age, I determined whether genetic diversity differed according to age and location using post hoc least square linear regressions in Fstat v.2.93 (Goudet, 1995). I assessed whether there were differences among (1) depth cohorts; (2) all depth cohorts versus all extant S. americanus sampled in Kirkpatrick Marsh; (3) extant S. americanus in Kirkpatrick Marsh first according to community type (i.e., samples from monospecific stands versus mixed communities) and by CO2 regime (i.e., ‘ambient’ versus ‘elevated’ plots); (4) extant S. americanus from Kirkpatrick Marsh versus other Chesapeake marshes; and (5) extant S. americanus from Atlantic versus Gulf coast locations. The significance of the outcome of each test was determined by comparison of the observed value to 10,000 permutations of samples between groups, with α representing the proportion of randomized data sets giving a larger value than the observed value. All comparisons excluded sites with <3 distinct genotypes.

I tested for declines in genetic diversity with increasing depth- an expected outcome of attrition and germination bias (Orsini et al., 2016) using a linear regression and a Kolmogrov-Smirnov test with two potential expected outcomes (i.e. declines in diversity and no change in diversity) both of which were implemented in R v.3.4.0 (R Core Team, 2013). I similarly tested for declines in Ne with depth. Using the R v.3.4.0 core package (R Core Team, 2013), I also examined correlations between estimates of genetic diversity and Ne with seed density, which has served as a proxy measure for the relative abundance of S. americanus over time (Saunders, 2003; Jarrell et al., 2016
[bookmark: _Toc57401144]Genetic and genotypic differentiation.
I used GenAlEx v.6.41 to conduct an analysis of molecular variance (AMOVA) to examine the distribution of genetic variation across depth cohorts. I also performed AMOVAs with samples grouped according to age (i.e., depth cohorts vs. extant S. americanus in Kirkpatrick Marsh) and location (i.e., among Chesapeake Bay marshes, Atlantic versus Gulf coast marshes). Additionally, I conducted AMOVAs to assess whether genetic variation in extant S. americanus reflects CO2 exposure regime and community type (respectively) across the sampled plots in Kirkpatrick Marsh. 

I assessed patterns of genetic structure according to allele frequency variation using several complementary methods. Using Genetix v.4.05 (Belkhir et al., 1996), I conducted a factorial correspondence analysis (FCA) of genetic variation in depth cohorts and extant S. americanus in Kirkpatrick Marsh. MSA was used to calculate and bootstrap the variance in the proportion of shared alleles 1000 times across depth cohorts and a selection of extant populations to construct a UPGMA dendrogram using the “Neighbor” and “Consense” subroutines of PHYLIP v3.63 (Bowcock et al., 1994; Felsenstein, 2004) and visualized with FigTree v.1.43 (Rambaut, 2012). I also used MSA to calculate pair-wise values of FST values according to depth and among extant populations. I then used the ape package in R to conduct Mantel tests comparing pair-wise values of linearized FST with depth or geographic distance, with estimates of significance based on 999 permutations. I undertook a Bayesian analysis implemented in the program MIGRATE v3.6.11 to determine historical migration rates among sites within the Chesapeake (Beerli & Felsenstein 1999) (Figure S2) with uniform priors and starting parameters set to Brownian motion for microsatellite data. I also used FST calculations to determine theta and M values.

I also estimated genetic structure and genotypic variation using Bayesian approaches as implemented in STRUCTURE v.2.3.3 (Pritchard et al., 2000; Farrington & Petren, 2011). Separate analyses were carried out with data sets consisting of (1) depth cohorts; (2) depth cohorts and extant S. americanus in Kirkpatrick Marsh; (3) all samples from Chesapeake Bay; (4) all samples from the Atlantic coast; and (5) all samples from the Atlantic and Gulf coasts. A parallel series of analyses were completed with the full set of specimens for comparison to outcomes based on data sets excluding putative clones. For each STRUCTURE analysis, I allowed for admixture and correlated allele frequencies for three independent runs at iterative values of K, with the burn-in period set to 30,000 iterations and data collected from an additional 500,000 iterations. Values of K were set to range from one to as high as 36 (i.e., across all sites where I sampled extant plants). The likeliest value of K was estimated according to the maximum Pr(X | K) value (Pritchard et al., 2000) and the break in the slope of the distribution of Pr(X | K) values (Evanno et al., 2005). 

I visualized patterns of differentiation with genetic heat maps of optimal K estimates from STRUCTURE runs. Genetic cluster membership per individual served as the basis for interpolation using the Spatial Analyst Inverse Distance weighted (IDW) Interpolation tool in ArcGIS (ESRI ArcMap v10.3). IDW utilizes a power function that assumes each sample site has a local influence that diminishes with increased distance; this function is used to weigh the points closer to the prediction location greater than those farther away. The result is a heat map of genetic relatedness between points based on cluster assignments and the distance between sites.
[bookmark: _Toc57401145]Results
[bookmark: _Toc57401146]Seed bank profile, seed ages and seed germination
Seeds of S. americanus were recovered across the full length of the sediment cores taken in Kirkpatrick Marsh (Table_Attachment_1, Figure 1). The maximum density of seeds from the 1997-2000 cores and core 2004-A occurred between 18 cm and 24 cm (Table_Attachment_1, Figure 1). The density of seeds declined precipitously at depths past 26 cm, although a spike in density was found at the 36-38 cm layer.  210Pb and 137Cs analysis of soil from core 2004-A indicates that seeds recovered from layers above 30 cm correspond to a time period spanning 1875 (± 92.8) to 2002 (± 0.1). 

I successfully germinated seeds that were recovered from depth layers dating from 1900 (± 32.8) to 2002 (± 0.1). At least one seed was recovered and germinated from soil layers spanning 0 cm to 24 cm depth intervals (Table_Attachment_1). Seeds recovered from ≤24 cm depths germinated on average 6 days after planting (SD = 2.6) and no seeds germinated 14 days after planting. Germination rates differed according to seed age (F3,10 = 18.70, p = 0.0002). Post hoc comparisons of seeds recovered from the soil monolith indicate that seeds deposited in the 8-10 cm (1984 ± 1.2) depth had a significantly higher germination rate (52.2% ± 10.6 SE) compared to all other depth cohorts (range 3.3-13.3%; Table_Attachment_1). However, germination rates were highest for seeds recovered from the 6-8 cm (1990 ± 1.3) and 10-12 cm (1984 ± 1.2) depths in core 2004-A. When all sources were grouped, the highest germination rates occurred in cohorts recovered from 6-8 cm (1990 ± 1.3) and 10-12 cm (1976 ± 1.2) depths (Table_Attachment_1). However, germination rates were statistically equivalent in soil depths above 14-16 cm (1947 ± 4.2), after which rates dropped by as much as 90% (Table_Attachment_1). Germination rates Ire generally lower in my second assay than in my initial trial, particularly for seeds recovered from depths below 14 cm (Table_Attachment_1).
[bookmark: _Toc57401147]Genetic diversity and effective population size through time
I examined 75 ‘resurrected’ plants from six horizons spanning the 20th century: 2-4 cm (1998 ± 0.4), 8-10 cm (1984 ± 1.2), 12-14 cm (1963 ± 3.0), 14-16 cm (1947 ± 4.2), 20-22 cm (1908 ± 25), and 22-24 cm (1900 ± 32.2) (Table_Attachment_2). To minimize potential artefacts due to small sample sizes, I grouped the single individual genotyped from the 1900 horizon with the individuals genotyped from the 1908 horizon, resulting in a single cohort spanning 1900-1908, and a total of five depth cohorts. An average of 15 individuals Ire genotyped per depth cohort, with the number of individuals per cohort varying between 5 and forty individuals (Table_Attachment_2). All ‘resurrected’ individuals exhibited distinct genotypes. 

No relationship was found between measures of genetic diversity and depth according to post hoc least-square linear regressions (all r2 < 0.08, all p > 0.05). Genetic diversity across the length of the core could not be distinguished from a null, even distribution (p=0.329). Similarly, Ne was not related to depth (r2 = 0.38, p=0.16), nor did it deviate from an even distribution of Ne (p=0.081) (Table_Attachment_2). However, the 2-4 cm depth cohort exhibited a notably larger Ne than all the other depth cohorts (Table_Attachment_2). Non-significant trends were recovered between estimates of genetic diversity and Ne with seed density (r= 0.63, p=0.26; r= -0.40, p=0.26, respectively).
[bookmark: _Toc57401148]Genetic and genotypic differentiation through time
I detected evidence of genetic structure and genotypic shifts among depth cohorts. Approximately 3% of genetic variation was attributable to differences among depth cohorts, compared to 70% of variation attributable to differences within cohorts (Table_Attachment_S2). Mantel tests illustrated that genetic differentiation increased with increasing differences in depth (i.e., time) (Figure S1). STRUCTURE runs at K = 3 and K = 5 also showed that the genotypic composition of depth cohorts has shifted over time (Figure 3). Both the NJ dendrogram and FCA illustrated that a distinct shift between cohorts occurred across a depth horizon corresponding to circa 1947 (Figure 2). 
[bookmark: _Toc57401149]Comparison of historical and extant genetic variation in Kirkpatrick Marsh
With one exception (the Ne estimate for the 2-4 cm depth cohort), estimates of genetic diversity and Ne for individual depth cohorts were comparable to those estimated for extant S. americanus in Kirkpatrick Marsh and elsewhere (Table_Attachment_2, Table_Atttachment_S1). Combined estimates of genetic diversity and Ne for all cohorts were significantly higher than estimates for extant S. americanus in Kirkpatrick Marsh when all specimens were considered (Table_Attachment_2). However, estimates were comparable between historical and extant S. americanus when putative clones were excluded from consideration (Table_Attachment_2).

I detected evidence of genetic similarity among historical and extant S. americanus, as well as fine-scale genetic structure among extant S. americanus across Kirkpatrick Marsh. The comparison of pairwise temporal distance and genetic distance between depth cohorts and extant individuals recovered a significant positive relationship, indicating that genetic differentiation between extant plants and cohorts progressively increases with time (Figure S1). The FCA of depth cohorts and extant S. americanus in Kirkpatrick Marsh (Figure 2) illustrates that extant plants from where the cores and monolith were recovered more closely resemble historical genotypes recovered from the three shallowest soil depths. STRUCTURE analyses further illustrate that extant plants in Kirkpatrick Marsh more closely resemble revived plants than extant plants from elsewhere in the Chesapeake (Figure 3). STRUCTURE analyses also show that variation in extant plants reflects fine-scale differentiation corresponding to distance and community across Kirkpatrick Marsh (Figure 3). A Mantel test affirmed that genetic variation is associated with geographic distance across the marsh (Figure S1). An AMOVA showed that 23% of genetic variation is attributable to differences among plots when grouped by community (Table_Attachment_S2). The AMOVA of plots grouped by experimental treatment indicates that variance is not attributable to CO2 exposure regime (Table_Attachment_S2). Estimates of genetic diversity also did not differ according to exposure regime (all comparisons, p > 0.05), but mixed community plots exhibited significantly lower estimates of genetic diversity than both Schoenoplectus-dominated plots (all comparisons; p ≤ 0.05) and Spartina-dominated plots (all comparisons p ≤ 0.05). No differences were found between Schoenoplectus and Spartina dominated plots. 

Patterns of fine-scale variation that appear to correspond to community type also parallel clone size and distribution across Kirkpatrick Marsh (Figure 3). Whereas all individuals from depth cohorts exhibited distinct genotypes, duplicate genotypes were detected at nearly every site where I sampled extant S. americanus (Table_Attachment_2). Consequently, site-level genotypic richness ranged from 0 to 1 (Table_Attachment_2). In total, I detected duplicate genotypes in 333 samples (Table_Attachment_2), including about half (55 of 109) of the specimens collected from Kirkpatrick Marsh plots (Table_Attachment_2). This corresponded to a probability of <1.44e-07 that shoots with identical genotypes were members of the same clone across the marsh, and a probability of <3.44e-06 of sampling a second occurrence of each genotype given the number of genets sampled in the marsh. A clonal subrange value, which corresponds to the minimum estimate of the maximum distance between two identical genotypes (i.e., reflecting the distance for which the probability of clonal identity becomes zero), was estimated at approximately 43 m in Kirkpatrick Marsh (Alberto et al., 2005; Harada et al., 1997). 
[bookmark: _Toc57401150]Genetic variation in extant S. americanus
Genetic diversity of depth cohorts and of extant S. americanus (excluding duplicate genotypes) in Kirkpatrick Marsh was comparable to levels of genetic diversity found in other Chesapeake Bay marshes (all comparisons p > 0.05). Estimates of genetic diversity also did not differ among Atlantic and Gulf coast sites (all comparisons p > 0.05), and no clear geographic patterns in diversity were observed across either coastline (Table_Attachment_S1). 

I detected evidence of genetic structure across Chesapeake Bay marshes and across coastlines (Figure 3). Excluding duplicate genotypes, pair-wise values of FST ranged from 0.06 to 0.48 among sample sites in Chesapeake Bay. An AMOVA attributed 27% (p < 0.001) of genetic variance to differences among sample sites. A Mantel test indicated that genetic distance corresponds to geographic distance (Figure S1), however STRUCTURE runs at optimal K values (K = 4) revealed a more complex configuration of spatial differentiation in the embayment (Figure 3). Clusters aggregated nearby sites with one or two disjunct locations (Figure 3). Estimates of Nm between clusters ranged from 0.30 to 4.56 (Figure S2). I also detected a significant relationship between genetic distance and geographic distance across coastlines (Figure S1), and an AMOVA of all sites grouped by coast recovered a significant global FST of 0.23 (p < 0.001, Table_Attachment_S2). STRUCTURE runs with all unique genotypes (i.e., historical and extant samples) recovered clusters reflecting biogeographic breaks (i.e., Atlantic versus Gulf coast sites), as well as regional differences along coastlines (e.g., south Atlantic versus mid-Atlantic sites). STRUCTURE runs with all unique genotypes also demonstrated that depth cohorts bear the greatest resemblance to extant S. americanus in Kirkpatrick Marsh (Figure 3).
[bookmark: _Toc57401151]Discussion
Here I illustrate that, like other dormant propagule pools, soil-stored seed banks can serve as a resource for studying demographic and genetic variation over time. Though concerns about biased representation and stratification have discouraged interest in soil-stored seed banks as natural archives, my findings indicate that both can be constrained and potentially overcome. For example, concerns about biased representation can be minimized by examining species, like S. americanus, that exhibit prolific seed production and that produce highly persistent seeds that readily incorporate into the seed bank. Similarly, concerns about stratification can be overcome by examining seed banks that develop through sedimentary deposition. Though stringent, I have illustrated that it is possible to meet these conditions under relatively ordinary circumstances (i.e., by examining a widespread species found in a common environment). I have shown that S. americanus seeds can be recovered from radionuclide-dated sedimentary layers spanning 100+ years. Comparisons of genetic diversity among contemporary populations and depth cohorts constructed from recovered seeds also indicate that post-burial attrition and potential germination bias exert little influence on genetic measures of local demography. Evidence of shifting abundance, alongside spatial and temporal patterns of differentiation, further illustrate that soil-stored seed banks can lend insight into the tempo and nature of ecological and evolutionary processes that shape populations over time.

Sedimentary records of coastal marshes, which have proven to be an exceptional resource for paleoecological reconstruction, exhibit features that facilitate use of soil-stored seed banks as natural archives. Like sediments found in lakes (Hairston & Kearns, 2002) and coastal fjords (Härnström et al., 2010; Ribeiro et al., 2013; Lundholm et al., 2017), brackish marsh sediments are characteristically time-stratified because of recurring deposition and accumulation (Kirwan & Murray, 2007). Bioturbation from animals like muskrats can be disruptive, but bioturbation is often highly localized; thus, the stratigraphic structure of marsh sediments typically remains well-preserved (Stevenson et al, 2005; Kirwan & Murray, 2007). Sediment deposition and accumulation in marshes also can result in recurring burial and storage of seeds, particularly of seeds with durable coats (Honda, 2007; Fox, 1983; Moody-Weis & Alexander, 2007) like those produced by Schoenoplectus sedges. Additionally, other buried contents (e.g., diatoms) and attributes (e.g., mineral versus organic content, isotopic profiles) of marsh sediments can be examined to obtain information about past environmental conditions (e.g., inundation, salinity regimes) that determine plant performance (Park et al., 2012; Kirwan & Murray, 2007). This can afford opportunities to relate proxy measures of plant demography like seed abundance with measures of environmental change over time (e.g., Saunders, 2003; Jarrell et al., 2016). 

This study explores the prospects of exploiting a virtually untapped dimension of soil-stored seed banks. Prior studies have largely utilized soil-stored seed banks as resources to reconstruct records of past geological, climate-related environmental conditions (e.g., Törnqvist et al., 2004, Jarrell et al., 2016). There is also an extensive literature on the contribution of seed banks to demography and genetic diversity (e.g., Templeton & Levin, 1979; Cabin et al., 2000; Hegazy et al., 2014; Liu et al., 2014). Little work has been done, however, on the use of soil-stored seed banks for reconstructing records of genetic variation over time. Notably, McGraw et al. (1991) highlighted the potential to do so by germinating Carex bigelowii and Luzula parviflora seeds recovered from tundra soil. Associated common garden experiments showed that depth cohorts of both species spanning ~150-200 years exhibited heritable differences in growth and morphological traits (Bennington et al., 1991; Vavrek et al., 1991). Using protein electrophoresis, Morris et al. (2002) also detected evidence of temporal variation among plants germinated from Astragalus bibullatus seeds recovered from successively deeper soil horizons sampled from the periphery of cedar glades in central Tennessee (US). My work further illustrates that genetic information can be extracted from soil-stored seed banks and that it can be contextualized by a well-constrained stratigraphic record as well as complementary information on local demography (i.e., shifts in seed densities) to draw inferences about ecological and evolutionary processes that shape populations over time.  

I have shown that it is possible to overcome concerns about biased representation. As work on ephippia banks has demonstrated, a priori targeting a species with prolific seed production, like S. americanus, can reduce the likelihood of biased representation (Weider et al., 1997; Brendonck & De Meester, 2003; Cabin 1996). Nonetheless, stochastic attrition and selection can bias the composition of dormant propagule banks over time (Weis, 2018). Biases can arise due to differences in germination at the time of seed production (Levin, 1990; Cabin, 2000; Mandák et al., 2006) or if some seeds are more prone to decomposition or are less resilient to burial than others (Weis, 2018). Similarly, seed viability might vary, where some seeds are less likely to germinate after prolonged dormancy than others (Honda, 2007; Wagner & Oplinger, 2016; Levin, 1990; Weis, 2018).  The S. americanus seed profile reconstructed from Kirkpatrick Marsh suggests that decomposition may have reduced seed abundance at depths greater than 40 cm, although it is possible that the decline in abundance instead reflects environmental conditions unfavorable to S. americanus (Jarrell et al., 2016). Thus, the observed decline may reflect historical trends in relative abundance and associated metrics like seed production rather than decomposition (Saunders, 2003; Jarrell et al., 2016). Germination rates, however, were only statistically equivalent for seeds recovered from depths up to 16 cm; rates dropped at greater depths (Table_Attachment_1). Though this suggests that burial is an important consideration, I did not detect genetic evidence that attrition or differences in germination biased the diversity of revived depth cohorts (Orsini et al., 2016). For example, I did not detect a loss of genetic diversity with increasing depth. This differs from prior studies that have detected aggregate measures of reduced genetic diversity (Cheliak, 1985; McCue & Holtsford, 1998; Orsini et al., 2016) and elevated genetic diversity in soil-stored seed banks (Cabin, 2000; Mandák et al., 2006; Tonsor et al., 1993), which can arise due to selective differences in seed germination (Levin, 1990; Cabin, 2000; Mandák et al., 2006). Notably, I found that the genetic diversity of depth cohorts was comparable to the extant population, which is consistent with reports of genetic diversity in seed banks being a representative measure of local genetic variation (Honnay et al., 2008).

I also have demonstrated that it is possible to overcome concerns about stratigraphy. No signs of sediment mixing were evident in this study. Consistent with prior work in tundra and interior wetlands showing that dormant seeds can be recovered from age-stratified soils (Bennington et al., 1991; McGraw et al., 1991; Vavrek et al., 1991), the laminate structure and radionuclide-based age estimates of sediment sampled from Kirkpatrick Marsh demonstrated patterns of historical accumulation over a 150+ year period. A key next step, however, will be to reduce error rates of sediment age estimates. Error rates from 210Pb dating typically increase with depth (Table_Attachment_1) (Binford, 1987; MacKenzie et al., 2011), and while 137Cs profiles can serve as referential benchmarks, more precise age estimates might be achieved through other approaches such as 7Be radionuclide dating (Olsen et al., 1986) or optically stimulated luminescence dating (Madsen et al., 2005). Nevertheless, the observed pattern of progressive genetic differentiation over time (i.e., as opposed to genetic homogeneity) serves as supporting evidence that mixing did not disturb the sequence of the sampled stratigraphy (Orsini et al., 2016), as diversity and autocorrelation have been found to be lower in mixed sediment compared to undisturbed seed banks (England et al., 2003). 

Local and range-wide geographic comparisons offer an informative context for interpreting temporal patterns of genetic variation. I found that S. americanus exhibits a pattern of increasing dissimilarity with greater geographic distance, which is similar to patterns exhibited by other marsh plants (Mahy et al., 1998; Travis et al., 2004; Travis & Hester, 2005; Blum et al., 2007). This, alongside evidence of genetic continuity and similarity between the seed bank and spatially proximate extant individuals in Kirkpatrick Marsh (Figure 2), indicates that immigration into the marsh is low (Figure S2), and that recruitment consistently draws from a local propagule pool (Honnay et al., 2008). Evidence that temporal variation is nested within spatial variation also indicates that genotypes ‘archived’ in the soil-stored seed bank are likely ancestral to genotypes in the extant population. Consistent with this, the observed patterns of hierarchically structured spatial genetic variation across the Chesapeake Bay suggest that individual or spatially proximate marsh complexes constitute (sub)populations connected by relatively low gene flow (Figures S1 and S2). Comparisons among marshes elsewhere on the Atlantic and Gulf Coasts support this inference (results not shown), though I also detected genetic breaks corresponding to well-recognized biogeographic discontinuities in North Atlantic coastal biota (Avise, 2000; Wares, 2002; Blum et al., 2007).  

Our findings suggest that genetic variation in S. americanus reflects responses to biotic and abiotic conditions within marshes. Evidence of genetic continuity over time and low gene flow suggests that in situ (i.e., local) conditions likely exert a strong influence on genetic variation within marshes (Orsini et al., 2016). A number of factors are known to influence genetic variation in coastal marsh plants. Intrinsic organismal factors such as variation in asexual (i.e. vegetative tillering) and sexual reproduction can result in genetic mosaics like the one observed in Kirkpatrick Marsh, where diverse patches of small clones are juxtaposed with large swaths of individual clones (Leck & Simpson, 1987; Richards et al., 2004; Hämälä et al., 2017). Estimates of Ne can similarly reflect the balance of asexual and sexual reproduction (López-Villalobos & Eckert, 2018), as illustrated by the similar estimates of Ne recovered for all but one of the depth cohorts (Table_Attachment_2), which are a product of sexual reproduction. Like other studies of marsh plants (Proffitt et al., 2005), I also found evidence suggesting that intraspecific and interspecific interactions (i.e., competition) play a role in structuring genetic variation in S. americanus. The observed pattern of differentiation in Kirkpatrick Marsh closely aligns with community type (i.e., Schoenoplectus-dominated, Spartina-dominated, or mixed), as do the size, number, and distribution of S. americanus clones (Emery et al., 2001, Erickson et al., 2007). It is possible, however, that this is a derivative outcome of micro-environmental shifts in stressors (e.g., salinity, inundation) that structure coastal marsh communities (Bertness & Ellison, 1987; Pennings et al., 2005).

Like the observed patterns of spatial variation, shifts in genotypic composition across depth cohorts might reflect responses to local selective pressures. Though it is possible that the observed pattern is a consequence of stochasticity (i.e., genetic drift), relatively modest changes in stressor exposure can structure whole marsh communities (Bertness & Ellison ,1987; Pennings et al., 2005), so by extension, shifts in stressor exposure might also structure genotypic composition within foundational marsh plants over time. Work on Spartina alterniflora supports this inference. For example, evidence has been found that stressor exposure (e.g., to oil, inundation) structures genetic variation across shoreline gradients (Anderson & Treshow, 1980; Gallagher et al., 1988; Robertson et al., 2017), though stressor responses may also reflect plasticity and epigenetic variation (Proffitt et al., 2003; Foust et al., 2016; Robertson et al., 2017). I assessed whether stressor exposure elicits genetic differentiation in S. americanus by drawing comparisons among FACE enclosures across Kirkpatrick Marsh. Prior work has shown that exposure to elevated CO2 increases S. americanus growth and reproduction (e.g., flowering), enough to shift the balance of competition in mixed communities towards S. americanus dominance (Arp et al., 1993; Rasse et al., 2005; Langley & Megonigal, 2010). Evidence also has been found for genotypic variation in responses of S. americanus to CO2 exposure (Gentile, 2015), and studies conducted at other FACE sites have shown that experimental exposure to CO2 can result in rapid adaptive responses in plants (Grossman & Rice, 2014). Yet I did not find evidence that genetic variation is associated with CO2 exposure across the GCReW site. A more thorough assessment (e.g., SNP-based genomic analyses) might uncover signatures of responses to CO2 exposure, though it is also possible that responses to stressors that reduce fitness and elevate mortality (e.g., increasing salinity and inundation) might supersede signatures of response to CO2.

Addressing some of the methodological limitations that I encountered could help foster further development and use of soil-stored seed banks as natural archives. Achieving larger sample sizes, for example, would offer a stronger basis for inferring patterns of genetic variation over time. As reconstituting depth cohorts is a process of diminishing returns, future work could improve upon my efforts by sampling a larger volume of soil (i.e., by taking more and/or larger sediment cores). This would help overcome limitations set by shifts in abundance over time (Jarrell et al., 2016) and low germination rates, particularly for reconstituting cohorts from deeper (i.e., >16 cm) soil layers. Reconstituting cohorts from finer-scale depth intervals could also minimize discontinuities (i.e., time-steps) and thus offer a stronger basis for examining dynamic demographic processes like population turnover (Ponnikas et al., 2017). It may be possible to increase sample sizes by increasing germination rates, though trials so far conducted suggest that methodological modifications may only lead to marginal improvements (Gentile, 2015). Drawing comparisons across sites (i.e., by examining depth cohorts reconstituted from cores taken at multiple locations) would clarify whether the patterns observed in this study reflect general phenomena or conditions idiosyncratic to Kirkpatrick Marsh. Separately genotyping seed coats and germplasm would also be a key step towards understanding the limits of inferences that can be drawn from plants derived from buried seeds. This would not only clarify whether depth cohorts are representative of the seed bank, it would offer a basis for inferring relatedness and possibly a basis for reconstructing pedigrees (i.e., seed coats are typically maternally derived, whereas germplasm reflect biparental contributions).

Besides demonstrating that soil-stored seed banks can offer perspectives on demographic and genetic change over time, my work illustrates that dormant soil-stored seeds can be a resource for experimental ‘resurrection’ approaches for studying ecological and evolutionary responses of plants to environmental change over time.  In many ways, the process of reconstituting depth cohorts from soil-stored seed banks parallels the steps required to assemble experimental cohorts from dormant zooplankton ephippia and curated seed collections (Franks et al., 2007; Franks et al., 2008). Thus, the literature on both can serve as guides for pursuing further work to improve use of soil-stored seed banks as a resource for ‘resurrection’ studies. For example, besides improvement of propagation and germination methods, conducting test crosses to develop pedigreed lines could help augment sample sizes and enable the analysis of trait heritability (e.g., Franks et al., 2007), including traits that contribute to seed survival and germination. And, as has been done with zooplankton hatched from dormant ephippia, elaborating on the genomic and transcriptomic variation in responses to stressor exposure could offer greater insight into the role of drift and selection in shaping temporal patterns of genetic variation (Orsini et al., 2016). Likewise, stronger inferences could be drawn by characterizing longer time horizons (e.g., Frisch et al., 2014) and drawing comparisons to independent records of environmental change. Doing so would not only increase confidence in the use of soil-stored seed banks for the study of coastal marshes, but it would also foster further interest in the use of soil-stored seed banks (Bennington et al., 1991; McGraw et al., 1991; Vavrek et al., 1991; Morris et al., 2002) for examining other ecosystems (e.g., tundra, interior wetlands) that are highly vulnerable to climate change and land use intensification.
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[bookmark: _Toc57401153]FIGURE LEGENDS
Figure 1: Profile of the Schoenoplectus americanus seed bank in Kirkpatrick Marsh. Relative abundance of S. americanus seeds recovered from a series of soil cores taken in Kirkpatrick Marsh. Estimated dates of soil depths from 137Cs (blue line=max concentration) and 210Pb (right outset) according to a Constant-Flux variable sedimentation rate model. 

Figure 2: Neighbor-Joining tree and FCA of historical and extant genotypes from Kirkpatrick Marsh.

Figure 3: Clonal map and genetic heat maps of fastSTRUCTURE results across space and time. (A) Map of extant genotypic and clonal identity of S. americanus across Kirkpatrick Marsh. Genetic interpolation heat maps illustrating genetic relatedness based on optimal K from STRUCTURE of microsatellite allelic variation (B) within S. americanus depth cohorts from the Kirkpatrick marsh seed bank and extant samples from Kirkpatrick Marsh; (C) Chesapeake Bay marshes; (D) Atlantic and Gulf coast marshes. Shown for the best supported values of K as presented in the text. (A-B) Map of sample plots within Kirkpatrick Marsh.

Figure S1: Mantel plots comparing pairwise linearized FST with spatial distance (A, C-F) or depth (B) illustrating the positive correlation between genetic differentiation and distance across space and time. 

[bookmark: _Toc57401154][bookmark: _Toc289175832]Figure S2: Chesapeake samples grouped according to STRUCTURE optimal K value (K=3). Numbers along arrows signify estimates of number of migrants per generation (Nm) as estimated in the program Migrate-N v3.4.4 (Beerli, 2013). The size of each population’s circle corresponds to estimated Ne.
Appendix
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[bookmark: _Toc61470682]Figure 1: Profile of the Schoenoplectus americanus seed bank in Kirkpatrick Marsh.
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[bookmark: _Toc61470683]Figure 2: Neighbor-Joining tree and FCA of historical and extant genotypes from Kirkpatrick Marsh
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Figure 2: continued
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[bookmark: _Toc61470684]Figure 3: Clonal map and genetic heat maps of fastSTRUCTURE results across space and time. (A) Map of extant genotypic and clonal identity of S. americanus across Kirkpatrick Marsh. Genetic interpolation heat maps illustrating genetic relatedness based on optimal K from STRUCTURE of microsatellite allelic variation (B) within S. americanus depth cohorts from the Kirkpatrick marsh seed bank and extant samples from Kirkpatrick Marsh; (C) Chesapeake Bay marshes; (D) Atlantic and Gulf coast marshes. Shown for the best supported values of K as presented in the text. (A-B) Map of sample plots within Kirkpatrick Marsh.
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Figure 3 continued
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[bookmark: _Toc61470685]Figure S1: Mantel plots comparing genetic and temporal or geographic distance. Plots demonstrate pairwise linearized FST with spatial distance (A, C-F) or depth (B) illustrating the positive correlation between genetic differentiation and distance across space and time. 
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[bookmark: _Toc61470686]Figure S2: Chesapeake populations and inferred migration between and among sites. Populations are grouped according to STRUCTURE optimal K value (K=3). Numbers along arrows signify estimates of number of migrants per generation (Nm) as estimated in the program Migrate-N v3.4.4 (Beerli, 2013). The size of each population’s circle corresponds to estimated Ne.
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Population genomics of a foundational coastal wetland plant across space and time



[bookmark: _Toc289175834][bookmark: _Toc57401156]Abstract
Predicting how populations will respond to rapidly changing environments is of increasing interest as climate change worsens. This is important for sessile organisms (e.g., plants) as fewer avenues are available to cope with the impacts of swift environmental changes (i.e., insufficiently rapid migration). The interplay of rapid evolution and plasticity is only beginning to be characterized as a response mechanism to climate change corollaries. The capacity to evolve and /or to evolve plasticity to tolerate a wider range of conditions (i.e., evolutionary potential) depends in part on demographic characteristics (e.g., generation time, immigration/emigration) and genetic diversity. However, an understanding of baseline diversity for populations at risk is rarely well-characterized in wild populations and can be difficult to project into the future. Further, gauging how capable species are of adapting to environmental change and how rapidly microevolution can occur in wild populations remain outstanding questions. Resurrection ecology is an approach that can enable more accurate projection of population futures in the face of global change, as it permits comparison of older and younger iterations of a population to understand historical genetic and phenotypic shifts. Though classically applied in zooplankton systems, resurrection ecology has also proven useful in some plant systems, particularly that of S. americanus, a foundational brackish marsh sedge. Here, I examine populations of S. americanus across the Chesapeake Bay, where wetlands face threats from accelerated relative sea level rise and anthropogenic changes. Understanding if and how foundational plant species in these communities can evolve may improve projection of wetland futures, particularly since presence of vegetation and plants traits affect processes like accretion that prevent conversion of land to open water. Foundational plants like S. americanus are rarely studied to understand their capacity to adapt and their genomic or genetic diversity across space, despite the possibility that characterizing these aspects of the ecosystem could have large impacts on the outcomes of future climate change for an ecosystem that provides invaluable services. Here, I examine the population genomics of S. americanus samples that span time and space in the Chesapeake Bay region. Using resurrection ecology, I and my research group have revived dormant S. americanus seeds from soil cores taken from marshes across the Bay to ask whether and how these populations differ across time and space. Based on double digest restriction site associated sequencing, I called single nucleotide polymorphisms and performed population genomic analyses. Overall, there were high levels of homozygosity for each provenance and generally low Fst values when comparing pairwise across provenances, regardless of age cohort. In addition, some populations showed greater evidence of genomic shifts over time, namely Blackwater (east shore of the Bay) and Corn Island (western shore of the Bay). This work demonstrates that small distances can correspond with different genomic histories, which may reflect differences in local environmental conditions. Further, this work illustrates an important extension of resurrection ecology such that differences across geography are incorporated to better understand population dynamics across time. 
[bookmark: _Toc289175835][bookmark: _Toc57401157]Introduction
[bookmark: _Toc57401158]Rapid evolution, climate change and vulnerable plant communities
Rapid evolution, sometimes called microevolution, is evolutionary change that occurs at the same rate as ecological processes (Thompson 1998; Hendry and Kinnison 1999; Carroll et al. 2007; Hendry et al. 2008). There is growing evidence that climate change has profound impacts on the ecology and rapid evolutionary responses of several species (Alberti et al. 2017; Bay et al. 2018; Trinder et al. 2020). Thus, rapid evolution is of increasing interest as climate change worsens and threatens a wider array of species (IPCC 2014). The potential to rapidly evolve can be a mechanism by which species survive in the face of climate change corollaries like sea level rise, rising ambient CO2, and increased heat events (Purcell et al. 2008; Diamond 2017; Saban et al. 2019). Rapid evolution is especially important for sessile species for which migration is less feasible, namely plants (Davis et al. 2005; Szövényi et al. 2009). Coastal wetland plants are threatened by pressures from rising sea levels, and though there is some work suggesting wetland plant communities can migrate inland, human development of coastal properties and limits on the rate of that migration may make this mechanism irrelevant. Though plasticity is an option for coping with climate change corollaries, evolution of plasticity is also possible and potentially a vital mechanism by which species can endure through stress events (Franks et al. 2014; Walker et al. 2019; Anderson and Song 2020). Thus it will be increasingly important to consider the evolutionary capacity of plant species to rapidly adapt to changing environmental conditions and the consequences of these shifts (or lack thereof) (Waldvogel et al. 2020).
[bookmark: _Toc57401159]Resurrection ecology across the landscape
The evaluation of rapid evolutionary potential can be improved via resurrection ecology. Resurrection ecology is the technique of reviving dormant propagules and comparing ancestors and descendants directly to better understand historical evolution (Stoks et al. 2016; Goitom et al. 2018; Lenormand et al. 2018).This approach has become increasingly popular as a tool for understanding how anthropogenic and climate change impact vulnerable populations, including effects on evolutionary trajectory. For example, studies in the zooplankton Daphnia have demonstrated that eutrophication of lakes at the onset of industrial agriculture and urban heat stress all leave evolutionary fingerprints on the impacted Daphnia populations, shifting their future trajectories in ways that impact fitness (Frisch et al. 2014b; Brans and De Meester 2018). 

What is less common is consideration of evolution across both time and space (i.e., studying multiple resurrected populations across geographic space). Consideration of multiple geographic locations with differing environmental conditions has proven a potent and important factor in understanding how a species as a whole evolves (Thompson et al. 2016; Ware et al. 2019; Metz et al. 2020). Doing so can improve understanding of how a species may evolve at a regional or range-wide scale, providing necessary context rather than considering a single representative population (Kuester et al. 2015). For example, population genetic analyses in a space-for-time framework of Spartina alterniflora demonstrate that marshes differing in age underwent reduction in clonal richness but that marshes overall maintained high levels of genetic diversity (Travis and Hester 2005; Messer et al. 2016). Leveraging a similar approach but with inclusion of resurrected individuals across a region can provide similar insight into populations’ futures and capacities to survive in the face of worsening climate change corollaries. 
[bookmark: _Toc57401160]Approach
Here I use population genomics to characterize the foundational coast marsh plant S. americanus across a temporal gradient and from multiple marshes located around the Chesapeake Bay, the largest estuary in the United States. As a region facing higher than the global average of relative sea level rise, this work can provide greater insight into whether and how perennial marsh plants like S. americanus may fare in future sea level rise scenarios, including an understanding of gene flow across the Bay and how both small and large geographic distances may have large effects on population evolutionary trajectories (Najjar et al. 2010; Eggleston and Pope 2013). With this work I aim to answer several questions. I address whether the connectivity of populations across time and space in S. americanus in the Chesapeake Bay is important for maintenance of diversity across time. Further, I ask if historical genetic diversity has declined or remained steady across space and time, and how nearby populations may vary in their contributions to each sampled marsh’s diversity rates. I will address whether evolutionary shifts have occurred and whether there are patterns indicative of a particular mechanism of evolution (e.g., adaptation, drift, mutation, gene flow). Describing these factors will contribute to my overarching question: are there trends in the history of S. americanus in the Chesapeake Bay that suggest the capacity to evolve and respond to climate change corollaries, or is there evidence to suggest some or all of the sampled populations may be at risk? 
[bookmark: _Toc57401161]Methods
[bookmark: _Toc57401162]Study sites and tissue sampling.
I took 413 tissue samples from both fresh and archived (frozen) sources, which were resurrected from soil cores or sampled from extant plants taken in and around the Chesapeake Bay, largest estuary in the United States (Table 1, Figure S3). Most samples came from marshes owned by the Smithsonian Environmental Research Center (SERC) in Edgewater, MD. However, 76 samples resulted from soil cores taken in Blackwater National Wildlife Refuge (BNWR) on the eastern shore of the Chesapeake Bay. BNWR suffers unusually high rates of land loss due to sea level rise and erosion and has a contrasting management history and accretion rate, making it an interesting point of comparison with SERC marshes (Wills et al. 2017). Namely, BNWR was managed as a fur farm for muskrat and nutria trapping, though nutria have been culled from the refuge to prevent destruction of the wetland plants. Some samples were archived tissues from Summers et al. (2018) that had been genotyped at 11 microsatellite loci, all of which came from SERC’s Global Change Research Wetland (GCReW) (n=227) (See Summers et. al. 2018, Table 1). In 2016 and 2017 additional cores were taken from Kirkpatrick Marsh (41 samples), which encompasses the GCReW; Corn Island Marsh (n=110), which is just adjacent to Kirkpatrick Marsh; Hog Island (n=11), which is also part of SERC property; Sellman Marsh (58 samples), also part of SERC; and finally, five samples of the closely related sister species Schoenoplectus pungens were taken close to the GCReW. Ages of plants are approximate and based on 210Pb and 137Cs dating of a core taken from Kirkpatrick Marsh (Summers et al. 2018). All samples were either germinated, reared in the greenhouse, and then had tissue sampled, or were sampled extant in the field. I took 10cm long stem tissue cuttings, placed them in sterile 2mL tubes and stored them immediately in a -80 freezer until DNA extraction.
[bookmark: _Toc57401163]DNA extraction and ddRAD sequencing
I shipped samples to Texas A&M Corpus Christie for DNA extraction and double digest restriction site associated sequencing (ddRADseq) in May 2019 (Peterson et al. 2012). The DNA extractions were performed as follows. Tissues were disrupted with a Qiagen TissueLyser using 3mm tungsten carbide beads in 96-well plates for 1 minute at 25Hz. Genomic DNA was then extracted from the tissue slurries using Omega Mag-Bind plate DNA DS kits, following manufacturer protocols, except that multiple elutions were performed for each sample and each elution was kept as a separate aliquot to source additional DNA if necessary. Double digest restriction site associated (ddRAD) sequencing (Peterson et al. 2012) was then performed on an Illumina NovaSeq 6000 using two restriction enzymes: ApoI and Sphl. Due to low coverage, 179 samples were resequenced using an Illumina HiSeq 4000.
[bookmark: _Toc57401164]Read trimming and SNP calling with Stacks2
I received raw reads from the sequencing center in multiplexed format. I de-multiplexed reads using the process_radtags module of Stacks2 (Rochette et al. 2019) using flags to trim reads with a phred score lower than 10 within a sliding window and to trim uncalled bases. I then assessed read quality using fastQC (Andrews 2010). Some of the sequences demonstrated adapter contamination or low-quality bases Ire detected near the ends of reads. In these cases, additional trimming was done with Atropos with flags for forward and reverse adapter sequences (-A -a) and hard trims of 5’ and 3’ ends of reads (-u -U) for paired-end reads (Didion et al. 2017). I then proceeded with the rest of the modules in the Stacks2 software. First, I optimized parameter settings for a subsample of individuals following the r80 method outlined in Rochette and Catchen (2017). Parameters set to run the data through the pipeline included a minimum number of raw reads required to form a stack (i.e., a putative allele) of 4, the number of mismatches allowed between stacks to merge them into a putative locus of 3, and the number of mismatches allowed between stacks (i.e., putative loci) during catalog construction of 4 (Paris, Stevens, & Catchen, 2017). I then ran each module of Stacks2 (ustacks, cstacks, sstacks, tsv_bam, gstacks, populations) (Rochette, Rivera-Colón, & Catchen, 2019) “by hand” rather than all at once using the Cypress supercomputing cluster at Tulane University. The ustacks, cstacks, gstacks, and tsv_bam components of the pipeline Ire run without adjusting module-specific default flags. I ran the final populations module with filtering such that any SNPs that occurred in fewer than 80% of individuals Ire excluded. In addition, the write-random-snp flag was used to eliminate calling of linked SNPs per locus. 
[bookmark: _Toc57401165]Population genomics analyses.
To confirm that each individual exhibited a distinct genotype and to characterize within and between population diversity, I examined estimates of fixation indices that were calculated in the populations module. I then converted genepop output from Stacks2 into str and other formats for analyses in downstream software using pgdspider 2.1.1.3 (Lischer and Excoffier 2012).  I estimated population structure and visualized optimal clustering using fastSTRUCTURE (Raj, Stephens, and Pritchard 2014) with default specifications. I then performed estimation of optimal K (i.e., inferred genetic clusters) using the program distruct and examination of subsequent bar graphs to infer the strongest clustering pattern (as per distruct documentation) (Rosenberg 2004). To customize fastSTRUCTURE bar graphs, I used the edited distruct python script, distruct v2.3 (Chhatre 2019), to produce genetic structure barplots. I assessed overall variance among samples via a Principal Components Analysis (PCA) using the R package adegenet v. 2.1.2 (Jombart & Ahmed 2011). For the PCAs, I graphed variation according to ellipses drawn around shared age cohorts and with ellipses drawn around geographic provenance to better assess differentiation across space and time. I tested for isolation by distance (IBD) using a Mantel test via the mantel.randtest function in the package adegenet v. 2.1.2 (Jombart & Ahmed 2011). For the Mantel tests, geographic distance was calculated based on decimal degree coordinates. I calculated genetic Euclidean distance using the dist function in adegenet v.2.1.2. The Mantel test produces a p-value based on the likelihood the correlation of the matrices comes from a distribution of permuted data that simulates patterns expected in the absence of spatial structure.
[bookmark: _Toc57401166]Results
Here, I examined the population genomics of five marshes across the Chesapeake Bay across space and time to ascertain whether and how populations may be evolving and whether they may be capable of responding to future environmental change. I also included an outgroup sister species (S. pungens) with which S. americanus hybridizes in more freshwater habitats. Overall, I found that marshes, regardless of age, demonstrated very low Fst and therefore demonstrated low genomic differentiation. Within population variance was higher than among population variance overall, with only weak support for isolation by distance. Age proved to be a less important factor explaining genetic clustering when considering all populations, but there was differentiation by age/ depth cohort within populations. Overall, there is evidence that populations in the Chesapeake Bay do differ across time
[bookmark: _Toc57401167]ddRAD sequencing and single nucleotide polymorphisms
A total of 530 samples underwent double digest restriction site associated sequencing. Samples were demultiplexed using Stacks2 process_radtags and returned. A subset of samples had low coverage (<10x). All samples were included in an initial run of the entire pipeline, and afterwards were excluded from subsequent analyses (<10x). For the remaining samples (n=317) the average coverage was 28.178x. A total of 8646 SNPs were recovered across samples when running the final populations pipeline with the write-random-snp flag per variable site (to prevent identification of linked SNPs) (Catchen et al. 2011). I calculated population genomic statistics using the populations module of Stacks2, including pi, a measure of nucleotide diversity in which the average number of nucleotide differences per site between individuals in the population (pi) (Nei and Li 1979), Fst, wherein the value can be interpreted as a measurement of how close two individuals from a subpopulation are from the total population (Wright 1950), and Fis, the inbreeding coefficient for an individual relative to its subpopulation (Wright 1950). Only biallelic SNPs were retained. 
[bookmark: _Toc57401168]Differences by marsh location
For all samples, there was a high rate of homozygosity across provenances (Table 2), which consistently exceed expected homozygosity. Heterozygosity was lower in resurrected populations (Blackwater, Corn, Hog, Kirkpatrick, Kirkpatrick (2002-3)) when compared to extant (Kirkpatrick, extant), and the outgroup (S. pungens). Inbreeding coefficients were relatively low except for Sellman and Kirkpatrick (2002-3), which demonstrated higher Fis (Table 2). S. pungens samples exhibited the highest number of private alleles, as expected, and Corn Island demonstrated the second highest number of private alleles (Table 2). However, the PCA shows that Corn Island correlates most closely with PC1 (28.81% variance), and an equivalent amount of variance is explained by the difference between S. americanus and S. pungens samples (PC2, 27.16%) (Figure 4A). Excluding S. pungens from this analysis enables visual separation of variance with S. americanus samples (Figure 4B). Corn Island still correlates strongly with PC1 (34.82%), with some additional spread for Hog Island and Blackwater along PC1 (Figure 4B). Blackwater and Kirkpatrick, extant populations (SERC) variance correlates with PC2 (19.56%). The Kirkpatrick (2002-3) samples demonstrated little spread overall (Figure 4B). The fastSTRUCTURE plots for the estimated optimal number of clusters (K=11, 12) with all samples demonstrate heterogeneity within populations, but some clear clusters that define populations (Figure 5). Kirkpatrick (2002-3), Blackwater, and Corn have the most distinct defining clusters. Kirkpatrick, extant (SERC) shows the most shared ancestry with the Kirkpatrick (2002-3) samples. When considering just the resurrected samples, the values shift to uncover more fine detail across time (Table 4). The highest observed heterozygosity occurs in Blackwater and Corn populations, which is reflected by the largest variances in the PCA correlating with PC1 (Corn, 11.27% variance explained) and PC2 (Blackwater, 8.11% variance) (Figure 6). Kirkpatrick samples also tend to correlate with PC2, which may in part reflect having a higher level of heterozygosity (Figure 6, Table 4). Interestingly, the samples from 2002-3 coring in Kirkpatrick demonstrated the highest number of private alleles and the highest Fis, highest homozygosity and lowest heterozygosity (Table 4). This pattern tracks for the PCA, as these samples (labelled “downcore”) cluster tightly (Figure 6). The Mantel test for isolation by distance showed some support for IBD, though the pattern was not significant (p=0.062). 
[bookmark: _Toc57401169]Differences across time
Samples taken from the same soil horizons (i.e., the same depth from different provenance) cluster based on geographic location rather than age (Figure 7). Individuals are grouped according to age es estimated from Kirkpatrick Marsh due to lack of dating in other sites. Figure 7 depicts a range of potential optimal K values for only the resurrected samples (K=4, 5, 11, 13). For fastSTRUCTURE graphs, each vertical line represents an individual and the individuals are arranged from shallowest or youngest (far left) to deepest or oldest (far right). If age cohort proved to be an important factor, a fade of colors should move from left to right. There are some indications of this pattern of shifting across time for K=4. However, the Kirkpatrick (2002-3) samples (here called “dc” for downcore) disrupt this pattern due to their distinct genetic clustering. Overall genetic clustering patterns appear to adhere more to provenance. Within provenance, however, there are some strong indications of variance attributable to change through time. This pattern is not consistent across provenance, however. Namely, Corn Island comprises the strongest explanation of variance for PC1 of the PCA (Figure 4), the highest number of private alleles, and the highest rate of heterozygosity (Table 4). When examining the fastSTRUCTURE plots, there is more of a pattern when just considering Corn samples in each of the optimal K figures. For example, for K=13, the youngest Corn samples (“C0-3”, “C0-2.35”, etc.) form a light blue cluster with some admixture of pink that dominates older samples (“C18.75-20.75”, etc.) to the right of the graph. This pattern indicates a shift across time. There is also some indication of a similar pattern for Blackwater. Like Corn, Blackwater variance correlates strongly with PC2 (8.11%). When examining the fastSTRUCTURE plots (Figure 7), there are similar indications of admixture from left to right when only looking at Blackwater samples (“BW0-2, “BW10-12”, etc.). For example, for K=11, the bright pink bars to the left are nearly solid and older samples towards the middle of the graph show increasing admixture with another, light pink cluster indicating shifts over time. One provenance that fails to demonstrate this pattern is Kirkpatrick (2002-3). Labelled “dc” in Figure 7, for each iteration of K there are clear clusters for this group with little indication of admixture correlating with time or with other provenances. Sellman (labelled “S0-2”, “S4-6”, etc.) demonstrates distinct clusters with little admixture as well. For example, in K=11 dark purple bands are solid and do not appear to vary across time. 
When examining population genomic statistics across time within each provenance, several patterns emerge. Heterozygosity across time remains comparable across age cohorts in each provenance. However, there are differences between provenances in heterozygosity and homozygosity. Kirkpatrick Marsh samples from 2002-3 (dc) demonstrate relatively low heterozygosity and higher homozygosity, and these values remain comparable across time. Samples from elsewhere in Kirkpatrick Marsh demonstrate higher heterozygosity that is comparable to that seen in Blackwater and Corn Island (Table 5). Hog Island samples demonstrated higher rates of heterozygosity than Kirkpatrick samples in general. Private alleles per depth cohort are highest in the youngest group from Kirkpatrick 2002-3 (dc2-4) and for the middle depths (dc12-14, 1963 ± 3.0, Table 5). Blackwater demonstrates consistent heterozygosity across depths and higher rates of homozygosity in general. There are some private alleles per age cohort that correlate with individuals sequenced that peak for BW2-4cm and BW 8-10 (Table 5). Corn Island Marsh is comparable to Blackwater in its heterozygosity and homozygosity. One age cohort had a low overall heterozygosity and inflated homozygosity at 10.25-12.75cm (1976 ± 1.2) deep. Private alleles were highest at 18.75-20.75 cm (1918 ± 15.6) and 0-3 cm (2002 ± 0.1) for Corn Island (Table 5). Sellman, which demonstrated low variance overall, had low heterozygosity compared to other provenances and higher homozygosity (Table 5). Overall, the differences seen across time differ based on provenance. 
[bookmark: _Toc57401170]Discussion
Here I compared populations of a foundational marsh sedge across space and time to determine if and how the populations may differ in terms of evolutionary potential and change over time across a relatively small region and short period of time (~100 years). Addressing this question also contributes to a general understanding of how resurrection ecology may be extrapolated to sessile organisms like plants, particularly those that are wind pollinated. 
[bookmark: _Toc57401171]Implications of differences across space and time
Overall, there are higher rates of homozygosity than heterozygosity for all provenances. Heterozygosity is a proxy for diversity within a population and is generally associated with improved resilience to drift and greater diversity upon which selection may act (Nei and Li 1979). Further, this finding contrasts somewhat with the outcomes of prior work (using neutral microsatellite markers) that suggest higher rates of heterozygosity are common across time, specifically in the Kirkpatrick (2002-3) population (Summers et al. 2018). There were indications of low Fst across all provenances, which suggests sustained gene flow, likely via pollen transported by wind as S. americanus is wind pollinated (Sipple 1978; Smith 2012). However, there are some patterns that suggest as climate change worsens, some populations will fare better than others. First, Corn Island and Blackwater tend to exhibit higher rates of heterozygosity and demonstrate greater shifts over time. In the case of Blackwater, with its high rates of subsidence and land loss (Schepers et al. 2020; FBNWR 2020), it is possible this indicates response to change in environment, namely inundation. However, it is also possible that the shifts across time seen in Blackwater correspond with other evolutionary mechanisms, including drift, mutation and gene flow alterations over time. For Corn Island, which has been preserved as part of the Smithsonian for the past several decades, there is less evidence for dramatic shifts in inundation. However, the fact of the shifts across time do indicate that 100 years or so is sufficient for evolution to occur in a perennial, clonally growing species, which may imply capacity to respond to some environmental change in the future. 
[bookmark: _Toc57401172]Implications of differences across time and resurrection ecology
The fact that private alleles were discovered for individual depth cohorts within provenance and the patterns of some differentiation seen in fastSTRUCTURE plots, particularly for Blackwater and Corn Island, suggest that it is possible for evolution to have occurred across time at these sites. There is good reason to expect that evolution has occurred over the past century in S. americanus. There have been shifts in sea level rise, nutrient supply and invasive species (Kearney 1996; Najjar et al. 2010; Kirwan, Murray, Donnelly 2011; Ameen et al. 2018; Lu et al. 2019). Thus, there are many stressors that could act as drift events or inflict selection pressures. The maintenance of genetic diversity across time for multiple provenances is reassuring for assessing the utility of performing resurrection ecology across other marsh for S. americanus. One issue with the resurrection approach is the potential for attrition or bias in resurrected samples (Weider et al. 2018b). The finding that genomic diversity remains consistent across multiple provenances suggests that, as described in Summers et al. (2018), S. americanus seed banks are reliable archives of genetic diversity of populations through time. 
[bookmark: _Toc57401173]Caveats
Here, the cores come from parts of the Bay with potentially different accretion rates. Thus, the cores may represent different amounts of time and not be directly comparable across age cohorts (Binford 1990).  This means age estimates may also be inaccurate, particularly for Blackwater NWR, which is the furthest from the Kirkpatrick Marsh coring site. Furthermore, there are relatively few SNPs called from the samples, making outlier analysis challenging (to detect selection) and weakening general inferences about genomic variation. 
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	Marsh Name
	Shorthand core name
	Latitude
	Longitude
	No of samples
	Depth cohorts (cm)
	Estimated Age

	Kirkpatrick Marsh
SERC (Smithsonian Environmental Research Center)
“downcore”
	KM1B1
SERC



dc
	N 38.876008




N 38.874417
	W 76.549451




W 76.548711
	138
	extant
	 --

	
	
	
	
	20
	0-2
	2002 ± 0.1

	
	
	
	
	1
	0-3.5
	2002 ± 0.1

	
	
	
	
	7
	2-4
	1998 ± 0.4

	
	
	
	
	5
	8-10
	1984 ± 1.2

	
	
	
	
	31
	12-14
	1963 ± 3.0

	
	
	
	
	7
	14-16
	1947 ± 4.2

	
	
	
	
	5
	20-22 
	1908±25.0

	
	
	
	
	2
	22-24
	1900±32.8

	Blackwater National Wildlife Refuge
	BW10A
	N 38 22.886
	W 76 04.112
	8
	0-2
	2002 ± 0.1

	
	
	
	
	10
	2-4
	1998 ± 0.4

	
	
	
	
	12
	4-6
	1993 ± 0.6

	
	
	
	
	4
	6-8
	1990 ± 1.3

	
	
	
	
	18
	8-10
	1984 ± 1.2

	
	
	
	
	15
	10-12
	1976 ± 1.2

	
	
	
	
	2
	12-14
	1963 ± 3.0

	
	
	
	
	1
	16-18
	1933 ± 7.2

	Corn Island
	C1B
C2A
C3B
C4A
	N 38.875369
N 38.875662
N 38.875910
N 38.876527
	W 76.543292
W 76.543610
W 76.543235
W 76.543571
	31
	0-3
	2002 ± 0.1

	
	
	
	
	10
	3.25-4.75
	1998 ± 0.4

	
	
	
	
	15
	4.75-6.75
	1993 ± 0.6

	
	
	
	
	1
	9.5-11.75
	1976 ± 1.2

	
	
	
	
	1
	10.25-12.75
	1976 ± 1.2

	
	
	
	
	1
	15-16
	1947 ± 4.2

	
	
	
	
	3
	16.5-18.75
	1933 ± 7.2

	
	
	
	
	12
	18.75-20.75
	1918 ±15.6

	
	
	
	
	13
	20.75-22.75 
	1908± 25.0

	Sellman Marsh
	S1A
S1B
S1C
S1D
	N 38.895960
N 38.895778
N 38.895719
N 38.895493
	W 76.538376
W 76.538488
W 76.538187
W 76.538240
	8
	2-4
	1998 ± 0.4

	
	
	
	
	13
	4-6
	1993 ± 0.6

	
	
	
	
	6
	6-8
	1990 ± 1.3

	
	
	
	
	3
	8-10
	1984 ± 1.2

	
	
	
	
	2
	10-12
	1976 ± 1.2

	
	
	
	
	1
	15.25-17.25
	1947 ± 4.2

	Hog Island
	H2A
	N 38.879583
	W 76.551638
	1
	8-10
	1984 ± 1.2

	
	
	
	
	1
	0-3
	2002 ± 0.1

	S. pungens
	n/a
	N 38.875681
	W 76.543557
	5
	Extant
	--

	Total
	
	
	
	413
	
	


[bookmark: _Toc61470688]Table 2 Population genomics statistics summarized for all provenances
	# Pop ID
	Private
	Num_Indv
	P
	Obs_Het
	Obs_Hom
	Exp_Het
	Exp_Hom
	Pi
	Fis

	Kirkpatrick, extant
	24
	115.06
	0.874
	0.169
	0.830
	0.172
	0.827
	0.173
	0.066

	S. pungens
	380
	4.41
	0.704
	0.553
	0.446
	0.338
	0.661
	0.382
	-0.288

	Blackwater
	71
	62.32
	0.888
	0.140
	0.859
	0.153
	0.846
	0.154
	0.109

	Corn
	112
	95.24
	0.859
	0.156
	0.843
	0.189
	0.810
	0.190
	0.149

	Hog
	53
	11.60
	0.864
	0.191
	0.808
	0.185
	0.814
	0.194
	0.039

	Kirkpatrick
	0
	37.79
	0.913
	0.127
	0.872
	0.120
	0.879
	0.122
	0.061

	Sellman
	11
	47.82
	0.829
	0.023
	0.976
	0.273
	0.726
	0.276
	0.844

	Kirkpatrick (2002-3)
	37
	62.55
	0.946
	0.062
	0.937
	0.083
	0.916
	0.083
	0.388


Population name (Pop ID), Private alleles (Private), Mean number of individuals per locus in this population (Num_Indv), Mean frequency of the most frequent allele at each locus in this population (P), Observed heterozygosity (Obs_Het), Observed homozygosity (Obs_Hom), Mean expected heterozygosity in this population (Exp_Het), Mean expected homozygosity (Exp_Hom), Mean value of pi in this population (Pi), Mean measure of Fis in this population (Fis)
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[bookmark: _Toc61470689]Figure 4: PCAs for all samples with the S. pungens outgroup (A) and without (B)
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Figure 4 continued
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[bookmark: _Toc61470690]Figure 5: fastSTRUCTURE plots for the five populations (all populations included in the total sample set) and the optimal K values (K=12, top; K=13, bottom). There are distinct clusters by geographic location and within geographic locations. The fewest genetic clusters within geographic locations occur with Blackwater NWR samples and those from “downcore” or the Kirkpatrick Marsh samples from the 2002/2003 sampling period (Summers et al. 2018). 












[bookmark: _Toc61470691]Table 3: Pairwise Fst table for only resurrected samples
	
	
	Corn
	Kirkpatrick
	Sellman
	Kirkpatrick (2002-3)

	Blackwater
	
	0.067
	0.079
	0.064
	0.0642

	Corn
	
	
	0.026
	0.034
	0.028

	Kirkpatrick
	
	
	
	0.042
	0.027

	Sellman
	
	
	
	
	0.045


Table of Fst values by population for only the resurrected samples with Hog Island and S. pungens samples excluded. Fst values were consistently low between populations. 

































[bookmark: _Toc61470692]Table 4. Population genomic statistics for only resurrected provenances
	# Pop ID
	Private
	Num_Indv
	P
	Obs_
Het
	Obs_
Hom
	Exp_Het
	Exp_Hom
	Pi
	Fis

	Blackwater
	95
	57.08
	0.856
	0.192
	0.807
	0.198
	0.801
	0.199
	0.104

	Corn
	173
	82.87
	0.817
	0.194
	0.805
	0.246
	0.753
	0.247
	0.230

	Kirkpatrick
	42
	16.71
	0.856
	0.174
	0.825
	0.197
	0.802
	0.204
	0.114

	Sellman
	4
	37.54
	0.878
	0.148
	0.851
	0.168
	0.831
	0.171
	0.282

	Kirkpatrick (2002-3)
	177
	62.58
	0.945
	0.064
	0.935
	0.083
	0.916
	0.084
	0.368


Population name (Pop ID), Private alleles (Private), Mean number of individuals per locus in this population (Num_Indv), Mean frequency of the most frequent allele at each locus in this population (P), Observed heterozygosity (Obs_Het), Observed homozygosity (Obs_Hom), Mean expected heterozygosity in this population (Exp_Het), Mean expected homozygosity (Exp_Hom), Mean value of pi in this population (Pi), Mean measure of Fis in this population (Fis).





























[bookmark: _Toc61470693]Table 5:  Population genomic statistics across downcore samples
	# Pop ID
	Private
	Num_Indv
	P
	Obs_Het
	Obs_Hom
	Exp_Het
	Exp_Hom
	Pi
	Fis

	Kirkpatrick + Hog Island
	
	
	
	
	
	
	
	
	

	KM0-2
	8
	17.565
	0.839
	0.278
	0.722
	0.216
	0.784
	0.222
	-0.115

	KM0-3.5
	3
	1.000
	0.864
	0.273
	0.727
	0.136
	0.864
	0.273
	0.000

	dc2-4
	104
	6.509
	0.924
	0.097
	0.903
	0.112
	0.888
	0.122
	0.029

	dc8-10
	42
	4.646
	0.933
	0.099
	0.901
	0.094
	0.906
	0.105
	0.166

	dc12-14
	192
	25.805
	0.926
	0.091
	0.909
	0.113
	0.887
	0.115
	0.069

	dc14-16
	49
	6.444
	0.930
	0.098
	0.902
	0.100
	0.900
	0.109
	0.039

	dc20-22
	28
	4.024
	0.926
	0.102
	0.898
	0.104
	0.896
	0.119
	0.017

	dc22-24
	3
	2.000
	0.880
	0.093
	0.907
	0.134
	0.866
	0.179
	0.130

	H0-3
	80
	1.000
	0.821
	0.357
	0.643
	0.179
	0.821
	0.357
	0.000

	H8-10
	148
	1.000
	0.718
	0.564
	0.436
	0.282
	0.718
	0.564
	0.000

	Blackwater
	
	
	
	
	
	
	
	
	

	BW0-2
	29
	7.006
	0.843
	0.223
	0.777
	0.212
	0.788
	0.228
	0.023

	BW2-4
	35
	8.763
	0.845
	0.163
	0.837
	0.210
	0.790
	0.223
	0.195

	BW4-6
	1
	10.000
	0.833
	0.222
	0.778
	0.232
	0.768
	0.244
	0.142

	BW6-8
	11
	4.000
	0.834
	0.271
	0.729
	0.226
	0.774
	0.258
	-0.022

	BW8-10
	34
	15.148
	0.837
	0.223
	0.777
	0.228
	0.772
	0.236
	0.054

	BW10-12
	21
	12.225
	0.817
	0.252
	0.748
	0.244
	0.756
	0.255
	0.040

	BW12-14
	10
	2.000
	0.845
	0.251
	0.749
	0.195
	0.805
	0.260
	0.013

	BW16-18
	0
	1.000
	0.858
	0.285
	0.715
	0.142
	0.858
	0.285
	0.000

	Corn Island
	
	
	
	
	
	
	
	
	

	C0-3
	70
	26.644
	0.823
	0.192
	0.808
	0.240
	0.760
	0.244
	0.077

	C3.25-4.75
	10
	8.983
	0.850
	0.188
	0.812
	0.188
	0.812
	0.200
	-0.036

	C4.75-6.75
	30
	13.927
	0.840
	0.205
	0.795
	0.205
	0.795
	0.213
	0.000

	C5.25-7.25
	2
	1.000
	0.894
	0.213
	0.787
	0.106
	0.894
	0.213
	0.000

	C9.5-11.75
	4
	1.000
	0.876
	0.248
	0.752
	0.124
	0.876
	0.248
	0.000

	C10.25-12.75
	3
	1.000
	0.967
	0.066
	0.934
	0.033
	0.967
	0.066
	0.151

	C14.75-16.75
	2
	4.000
	0.816
	0.195
	0.805
	0.233
	0.767
	0.267
	0.028

	C16.75-18.75
	13
	4.406
	0.802
	0.264
	0.736
	0.263
	0.737
	0.297
	0.040

	C18.75-20.75
	52
	13.842
	0.816
	0.235
	0.765
	0.247
	0.753
	0.257
	0.205

	C20.75-22.75
	8
	11.969
	0.837
	0.247
	0.753
	0.217
	0.783
	0.227
	0.068

	Sellman 
	
	
	
	
	
	
	
	
	

	S2-4
	1
	7.878
	0.980
	0.021
	0.979
	0.029
	0.971
	0.031
	0.023

	S4-6
	40
	12.595
	0.893
	0.066
	0.934
	0.189
	0.811
	0.197
	0.652

	S8-10
	0
	3.000
	0.979
	0.021
	0.979
	0.028
	0.972
	0.033
	0.023

	S10-12
	0
	2.000
	1.000
	0.000
	1.000
	0.000
	1.000
	0.000
	0.000

	S14-16
	0
	2.000
	0.974
	0.000
	1.000
	0.026
	0.974
	0.035
	0.053

	S15.25-17.75
	0
	1.000
	0.987
	0.026
	0.974
	0.013
	0.987
	0.026
	0.000


Population name (Pop ID), Private alleles (Private), Mean number of individuals per locus in this population (Num_Indv), Mean frequency of the most frequent allele at each locus in this population (P), Observed heterozygosity (Obs_Het), Observed homozygosity (Obs_Hom), Mean expected heterozygosity in this population (Exp_Het), Mean expected homozygosity (Exp_Hom), Mean value of pi in this population (Pi), Mean measure of Fis in this population (Fis).
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[bookmark: _Toc61470694]Figure 6: PCA of the spread in the variance for all resurrected individuals, excluding individuals from Hog Island and samples of the sister species, S. pungens (outgroup), which were outliers in terms of their differences from the other populations. The first PC correlates with the spread of the samples from Corn Island. PC2 correlates with the spread in Blackwater samples as well as variance in Kirkpatrick samples. Interestingly, the “downcore” or Kirkpatrick samples cored in 2002-3 do not exhibit variance on the same scale as the other marshes / Kirkpatrick sampled in 2018 (“Kirkpatrick”). 
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[bookmark: _Toc61470695]Figure 7: FastSTRUCTURE graphs for a range of potential optimal K values (K=4, K=5, K=11, K=13) based on the chooseK algorithm in the fastSTRUCTURE program. Samples are arranged from youngest or shallowest depths (far left) to the oldest or deepest depths (far right) rather than provenance. The clusters form on the basis of provenance rather than age cohort. From left to right: Sellman 0-3, Kirkpatrick 0-2, Blackwater 0-2, Corn 0-3, Hog 0-3, Blackwater 2-4, Kirkpatrick(2002) 2-4, Corn 3.25-4.75, Blackwater 4-6, Sellman 4-6, Corn 4.75-6.75, Corn 5.25-7.25, Blackwater 6-8, Sellman 6-8, Blackwater 8-10, Sellman 8-10, Kirkpatrick(2002) 8-10, Hog 8-10, Corn 10.25-12.75, Blackwater 10-12, Sellman 10-12, Blackwater 12-14, Kirkpatrick(2002) 12-14, Sellman 13.75-15.75, Sellman 14-16, Corn 14-16, Corn 16.75-18.75,Corn 18.75-20.75, Corn 20.75-22.75, Kirkpatrick(2002) 20-22, Kirkpatrick(2002) 22-24
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[bookmark: _Toc61470696]Figure S3: Map of sampling sites for ddRADseq samples across the Chesapeake Bay
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Heritable variation in functional responses
[bookmark: _Toc57401177]of a foundational coastal marsh sedge to global change over time


[bookmark: _Toc57401178]Abstract
Many species, including some that undergird entire ecosystems, may perish because of rapid changes in climate conditions unless the species are able to respond suitably. Understanding the nature historical phenotypes can illustrate the capacity for at-risk species to persist under future scenarios. In this study, I utilized a century-long seed bank of the foundational coastal marsh sedge Schoenoplectus americanus to assess the nature of responses to corollaries of sea level rise. I resurrected “20th century” (1908-1918 ± 15.6-25.0 years) and “21st century” (1998-2002 ± 1 year) age cohorts by germinating seeds of S. americanus from time-stratified sediments sampled from a Chesapeake Bay marsh. I compare phenotypic responses of the 20th century and 21st century cohorts to determine whether and how responses to salinity, inundation, and competition have changed over time. Cross-generational comparisons also allowed me to evaluate how interspecific interactions modify exposure responses in a greenhouse experiment where I imposed salinity, inundation, and competition treatments in a fully crossed design. I detected few overall differences in biomass between 20th century and 21st century cohorts. However, 21st century plants tended to demonstrate a subset of 20th century variability in response to stressors, perhaps suggesting the evolution of plasticity through time. In addition, there were significant effects of competition, inundation, salinity, and their interactions on a suite of phenotypic traits. Notably, stem density, a trait that can influence sediment capture and maintenance of marsh elevation, increased with the presence of competitor. Overall, this work suggests evolutionary change in this perennial foundational plant with meaningful ecological impacts over the course of just a century. Increased salinity and inundation (i.e., simulated sea level rise) severely impact productivity and this impact, though invariably negative, varies by genotype regardless of age cohort.  
[bookmark: _Toc57401179]Introduction
[bookmark: _Toc57401180]Impact of climate change on populations at risk
Unfolding changes in climate have resulted in potent new pressures that could put many species, including some that undergird entire ecosystems, at greater risk of extinction (Hoffmann & Sgrò, 2011; Román-Palacios & Wiens, 2020). Several corollaries of climate change, including rising temperatures and rising sea level, are shifting at increasing rates towards conditions that exceed current physiological thresholds and performance limits (Deutsch et al., 2008; Hoegh-Guldberg & Bruno, 2010). Organisms can potentially cope with rapidly changing environmental conditions through acclimation (i.e., phenotypic plasticity), rapid evolution (i.e., shifts in allelic or heritable phenotypic variation) (Ghalambor et al. 2007, Bernatchez 2016), migration, or some combination thereof. Acclimation is frequently treated as a default explanation for exposure responses, which is reinforced by evidence indicating that phenotypic plasticity can promote persistence to unfolding climate conditions (Carroll et al., 2007; Fox et al., 2019; Toyota et al., 2019). It remains unclear whether rapid evolution in response to climate change is commonplace and important (Carroll et al., 2007). There is compelling evidence, however, indicating that exposure to corollary pressures like heat stress (Diamond, 2017; Palumbi, Barshis, Traylor-Knowles, & Bay, 2014) and drought (Franks & Beerling, 2009; Franks et al., 2014) can elicit rapid evolution, suggesting that further study is needed to clarify the risks posed by climate change. 

Evolution can sometimes proceed at a pace comparable to climate-driven changes in environmental and ecological conditions (Kinnison and Hairston 2007; Pelletier et al. 2009; Shefferson and Salguero-Gómez 2015; Hendry 2016). Rapid evolution can occur over months to years, involving changes that unfold over just a single generation (Reznick, Losos, & Travis, 2019). Evidence of rapid evolution has been found in studies of natural populations along geographic clines and climatic gradients (Bradshaw and Holzapfel 2001; Huey 2000; Colautti and Barrett 2013). Other studies illustrate that exposure to climate-related pressures (e.g., drought, elevated CO2) can elicit selection-driven responses in experimental populations (Franks et al. 2007, Grossman and Rice 2014). For instance, exposure can lead to rapid loss of genetic (i.e., allelic) diversity and divergence (Avolio et al. 2013, Ravenscroft et al. 2015) as well as shift heritable trait variation linked to ecosystem processes (Barton, Hermisson, & Nordborg, 2019; García-Carreras et al., 2018; Lohbeck, Riebesell, & Reusch, 2012; Monroe et al., 2018). It is nonetheless questionable whether rapid evolution is relevant to species persistence, in part because responses to selection can be dampened, altered, or superseded by plasticity and other factors like competition (Bazzaz, Jasieński, Thomas, & Wayne, 1995; Lau, Shaw, Reich, & Tiffin, 2014; Ward, Antonovics, Thomas, & Strain, 2000).  While this helps explain the widely held perspective that microevolution is likely inconsequential as a response to climate change, only a few studies have quantified how evolutionary responses compare to plasticity, competition and combinations thereof (Bazzaz et al. 1995, Lau et al. 2014, Ellner et al. 2011, Merilä and Hendry 2014). It is thus possible that evolutionary contributions to species persistence are more important and more common than previously imagined.

In this study, I utilized a century-long seed bank of the foundational coastal marsh sedge Schoenoplectus americanus to assess the nature and relative importance of evolutionary responses to corollaries of sea level rise. My aim was to compare phenotypic responses of 20th century and 21st century generations to determine whether and how exposure responses have changed over time, accounting for the possibility that interspecific interactions may modify exposure responses. This involved reconstituting age cohorts from seeds recovered from two contrasting soil depths for use in a fully crossed, multifactorial common garden experiment designed to reveal potential differences in response to inundation and salinity stress in the presence of a naturally co-occurring competitor. Functional traits were measured to characterize the range of phenotypic variation within and between cohorts for all treatments. Because corollaries of sea level rise can be strong selective agents (e.g., Purcell et al., 2008; Schile et al., 2017; Watson et al., 2016), I expected to find signatures of evolutionary differentiation in exposure responses between age cohorts. For example, 21st century cohort responses might manifest as a subset or narrower range of functional trait variation compared to variation exhibited by the 20th century cohort. The 21st century cohort might also exhibit greater survival or fitness according to proxy measures of reproduction (e.g., biomass production) under more severe exposure stress (Gentile, 2015; Blum et al., in review). Likewise, competition might be less of a constraint for 21st century than 20th century plants. It is also possible, however, that cohorts exhibit little to no evolutionary differentiation, or that heritable differences are of marginal importance in comparison to those attributable to environment (i.e., plasticity) or competition.
[bookmark: _Toc57401181]Methods
[bookmark: _Toc57401182]Seed recovery, revival, and propagation. 
Seeds of Schoenoplectus americanus were recovered from soil cores, germinated, and then propagated for use in a multifactorial common garden greenhouse experiment to test for evolutionary differentiation and to determine how it compares to other forms of response to global change pressures. Soil cores were sampled from Corn Island Marsh (CIM), a marsh adjacent to the Global Change Research Wetland (GCReW) at the Smithsonian Environmental Research Center (SERC) near Edgewater, Maryland. Like GCReW, CIM hosts a plant community dominated by S. americanus. In 2016, four pairs of cores were taken from CIM with each core measuring approximately 30 cm in length and 6 cm in width. Pairs of cores were taken within 10 cm of one another, with one used for seed recovery and one used for 137Cs and 210Pb radionuclide dating of sediment stratigraphy (Appleby & Oldfield, 1978; Kerfoot et al., 1999; Summers et al., 2018). Seeds were sieved from the two cores from summer 2016 through spring 2017. Sieving consisted of sectioning each core perpendicular to the vertical axis at 2 cm depth intervals. Each 2 cm section was placed in a 2 mm mesh sieve (Fisher Scientific Company Sieve No. 10) stacked on a 710 μm mesh sieve (W.S. Tyler, Incorporated Sieve No. 25) and washed with water to isolate seeds from inorganic and larger organic matter. Seeds recovered from different sections were stored in separate 2 ml tubes in de-ionized water until subsequent use. 

I attempted to germinate all recovered seeds. Following Summers et al. (2018), every seed was planted in a separate 7.62 cm square cell in a gridded flat of 9 cells containing 1:2 sterile sand and Jiffy Organic Seed Starting Mix (Jiffy, Oslo, Norway). Each flat was placed in a 10 cm deep tray filled with water to within 1 cm of the soil surface. Planted flats in trays were then placed in a Conviron CMP 6010 growth chamber with a light regime of 12 hours of light to 12 hours dark, and with a temperature regime of 27°C during period of light and 15°C during period of dark. Seeds were checked every other day for germination or mortality (e.g., the seed had molded, or germinated and then perished), and water was replenished to maintain a constant level of inundation. After 20 days, seeds that did not germinate were recovered, placed in separate 2 mL microtubes filled with deionized water, and stored in a refrigerator for later use in viability assays. Plants from germinated seeds were grown in the growth chamber for an additional two weeks before being transferred to a greenhouse. To reduce possible residual effects of dormancy, all plants were reared in the greenhouse for a full year before clones were propagated for experimental use in summer 2018 (Bennington, McGraw, & Vavrek, 1991; Vavrek, McGraw, & Bennington, 1991). Clones of all genotypes were propagated from ≤5 cm long rhizomes planted in separate 5 cm wide cells in gridded flats placed in flooded trays. Propagules were grown in a 50/50 Baccto™ (Baccto, Houston, TX) Premium Potting Soil and sand mixture for two months in the greenhouse prior to the start of the experiment. 
[bookmark: _Toc57401183]Experimental design. 
A common garden experiment was undertaken to compare responses of an 20th century cohort and a 21st century cohort (Summers et al., 2018) to inundation, salinity, and interspecific competition. The 20th century cohort was composed of nine genotypes revived from the 18-22 cm stratigraphic layer (ca. 87-112 years old; Summers et al., 2018). The 21st century cohort was composed of nine genotypes revived from the 2-4 cm stratigraphic later (ca. 22 years old; Summers et al., 2018). Note that while the 21st century cohort is in the same area as the 20th century, I do not know detailed family relationships: the 20th century cohort may not be direct ancestors of the 21st plants. Clones of each genotype were used to standardize assessment of responses to the following conditions: (1) freshwater (0 ppt) and saline conditions (15 ppt), under (2) six levels of inundation ranging from -20 cm (i.e., the water level was 20 cm below the soil level in the pot) to +30 cm, in 10 cm increments, (3) with or without the naturally co-occurring C4 competitor, Spartina patens. 

These conditions approximate stressors S. americanus may encounter currently or in the near future in the Chesapeake Bay. Elevation of the study site is 40–60 cm above the mean low water (Jordan, Pierce, & Correll, 1986). Future relative sea level rise in the Chesapeake Bay is likely to be worse than the global average due to subsidence, making it likely that a moderate projected sea level rise of 1 meter will result in complete inundation of some marshes (Eggleston and Pope 2013). In the Chesapeake Bay, soil salinity ranges from 2 ppt to 18 ppt during the growing season (May to September), where inter-annual variation in growing season salinity is inversely correlated with rainfall (Saunders, 2003). The experimental treatments were fully crossed to determine how responses varied according to stressor interactions (e.g., greater inundation under high salinity conditions) and to determine whether interspecific competition influences exposure responses (Figure S4). All Spartina patens plants were sourced as seedlings from a Chesapeake Bay wetland restoration company (Environmental Concern, St. Michaels, MD) that obtained seeds from plants growing in coastal marshes in Virginia. 

The experiment was conducted using four 1,325 L mesocosm tubs outfitted with “marsh organs” (Morris, 2007) located in a greenhouse at the University of Tennessee – Knoxville. Three mesocosms were configured in a row on one side of the greenhouse (Figure S5). The fourth unit was in a second row approximately 3 m away towards the interior of the greenhouse. The greenhouse was climate-controlled, with temperatures ranging from 26-30 °C during the day and 24-26 °C at night with humidity averaging 60% over the summer months. Three-month temperature averages from the Chesapeake Bay ranged from 24-26°C at night to 26-39°C during the typical summer (NOAA National Weather Service Forecast Center). The mesocosms were paired according to salinity regime, with two mesocosms filled with 15 ppt water and the other two filled with 0 ppt water. The two treatments bracket the typical natural range of estuarine salinity that occurs in the Rhode River basin (Mozdzer & Caplan, 2018). Each pair was outfitted with PVC piping and an Eheim™ 1048 Pump on a timer to simulate an alternating 6-hour tidal inundation cycle, where one mesocosm drained while the other filled with water.

Each clone was planted in a 10 cm diameter x 30.5 cm tall PVC pot with a slotted drain enclosure at the bottom. Pots were filled to ≤ 3 cm from the top with a 50/50 mixture of Baccto™ Premium Potting Soil and sand. Each clone consisted of a standardized 7 cm length of root with 2 cm of stem tissue, which were weighed prior to planting. The experiment was run from May through August, which approximates the peak growing season of S. americanus in the Chesapeake Bay region (Curtis, Drake, & Whigham, 1989). Each month, plants were rotated on their respective shelves and plants were rotated between mesocosms (within each salinity treatment) to control for possible chamber effects. Clones that died during the first month of the experiment were replaced with a new clone of the same genotype, with most plants being replaced in the first two weeks. 
[bookmark: _Toc57401184]Phenotypic assays of growth, phenology, and sexual reproduction. 
A suite of phenotypic traits was measured for all S. americanus plants used in the experiment. Each week, flowers were counted and removed, and survival was noted (i.e., whether the plant was dead or alive). Each month, all stems were counted and ≤20 stems per plants were measured for height. Upon completion of the experiment, additional measures were taken for all plants, including stem height, stem density, stem width, and aboveground biomass partitioned into green and senescent (i.e., brown) tissue. Rooting depth was recorded categorically across 5 cm increments (6 possible depths from 0 to 30 cm) of the pot, noting presence of thick and thin roots and counts of root nodes. Belowground biomass was partitioned according to rhizome and root tissue, allowing me to estimate total biomass. 
[bookmark: _Toc57401185]Statistical analysis of phenotypic variation. 
I first characterized differences among cohorts and genotypes by undertaking principal components analyses of continuous trait variation using the function prcomp in the R v3.6 package stats v3.6.2 (R Core Team, 2019). PCAs were visualized with the package ggbiplot (Vu, 2011) and the post-hoc graphical package phia (De Rosario-Martinez 2015) was used to visualize comparisons of variation according to treatment and age cohort. Linear discriminant analyses (LDAs) also were performed to assess whether and how plant traits varied by (1) age cohort relative to salinity, and (2) age cohort relative to competition using the lda function in the R v 3.6 package MASS with the “mle” method (Venables and Ripley, 2002) (R Core Team, 2016). Predictor variables included initial weight as a covariate to understand if there were unintended correlations with age cohort and treatment. In addition, final green height, final stem width, final stem density, rhizome node count, and thin root length were also included as predictor variables. All variables were cube root transformed prior to inclusion in the LDAs. 
[bookmark: _Toc57401186]Biomass analyses.
To understand the overall effect of treatment, genotype and age cohort on net final biomass, exploratory multi-model inference was conducted to assess the relative importance of predictor variables for change in net final biomass. Net biomass was calculated by aggregating below and aboveground biomass minus the initial weight. To eliminate negative values, the data were transformed using the boxCox function using the Yeo-Johnson power family in the R package car (Fox & Weisberg, 2019) prior to building the model. Response variables included salinity, competition, inundation level, age cohort, and interactions thereof as fixed effects, with genotype as a random effect. The model was built using the lmer function in the R package lme4 (Bates, Mächler, Bolker, & Walker, 2015). The relative importance of predictor variables was calculated as the sum of the Akaike weights of all models containing a particular predictor variable using the dredge function from the R package MuMIn version 1.43.17 (Bartoń, 2020). Models were also ranked through all iterations and possible combinations of the global model as defined above, calculating the relative importance of the predictor variables based on averages of weights across all models (Alberti et al., 2017). Further, I examined the relative effect sizes of age cohort, salinity, competition, and inundation level by building models with each treatment / condition as a fixed effect and genotype as a random effect, then passing the simplified model to MuMIn’s r.squaredGLMM function. 
[bookmark: _Toc57401187]Death and reproduction analyses.
To analyze mortality across treatments and age cohort, generalized linear mixed models (GLMMs) were constructed with the R package lme4 (Bates et al., 2015) to determine whether variation in biomass and key traits was attributable to environment (i.e., treatments and interactions thereof), age cohort, and genotype. The full model consisted of a binary state (i.e., presence vs. absence) at the end of the experiment, with salinity, competition, inundation level, age cohort, and their interactions as fixed effects and genotype as a random effect. Effect sizes were estimated using the trigamma calculation using the r.squaredGLMM function in MuMIn as above. The same model was constructed for flowering as a binary response condition (i.e., presence vs. absence), with treatment, age cohort, and their interactions as fixed effects and individual genotype as a random effect to account for zero-inflated data since most of the plants did not flower over the duration of the experiment. For analysis of asexual reproduction, rhizome node counts were compared across age cohorts and treatments using a GLMM with a Poisson distribution with the same structure as the binary models of mortality and flowering. For each response variable, all possible combinations of predictors were included in models for comparison of AIC values (Xu, 2003) using the MuMIn R package as described above. Mortality was additionally analyzed among cohorts and across treatments using the survival package (Therneau 2020) in R v3.6 (R Core Team 2019). This approach determines the distribution of time to the event (i.e., death), testing for equality of two distributions, and regression modelling of the rate at which events occur according to the Kaplan-Meier Method and Log Rank Test. 
[bookmark: _Toc57401188]Results
[bookmark: _Toc57401189]Overall variance in trait responses to stressor exposure. 
Linear discriminant analyses depict the distribution of variance by treatment and age cohort. The first LDA depicts variance in stem width, stem height, stem density, thick and thin root length, node count and initial weight grouped by age cohort and competition (Figure 8A). The first canonical function explains 90.07% of variance and correlates strongly with stem count and stem weight (aboveground biomass). The second canonical function explains 9.18% of variance and is correlated most closely with stem width and stem height. Overall, aboveground traits most strongly correlate with the differences by treatment and age cohort. The 20th century and 21st century ellipses overlap within each experimental condition. The greatest separation of ellipses is between 20th century or 21st century competition and 20th century or 21st century no competition. Under competition 20th century and 21st century ellipses align closely; however, when the competitor is absent, the two cohorts tend to differ such that the 21st century no competition treatment reflects a different, but less variable subset of 20th century no competition (Figure 8b). In general, the two cohorts exhibit similar variance and release from competition enhances trait variance for both cohorts. 

The second LDA depicts the distribution of variance by salinity and age cohort. The same traits were included as above: stem width, stem height, stem density, thick and thin root length, node count and initial weight (Figure 8B). The first canonical function explains 91.06% of variance and correlates best with thick root weight and stem width. The second canonical function explains 6.81% of variance and correlates with stem height, thick root length and somewhat with stem width as well. The 20th century freshwater ellipse is the largest and encompasses the other ellipses across cohort and treatment. The most variance difference is between freshwater and salinity treatments for both cohorts. Salinity reduces variance for both cohorts, though the reduction is greater for the 20th century cohort which has a larger ellipse in the freshwater condition. Within the freshwater condition, the 21st century cohort is a subset of the variance seen for the 20th century cohort. This is also true for the salinity condition where the 20th century salinity condition ellipse almost fully contains the 21st century salinity condition ellipse. In sum, there are a range of below- and aboveground traits that drive variance in response to salinity and 21st century variance overall is a subset of 20th century variance.

The principal components analyses (PCAs) represented the total variance of aboveground and belowground measures by treatment (age cohort x salinity, age cohort x competition). The PCAs demonstrated that 21st century plants tend to exhibit constrained variation by tissue type relative to 20th century trait variation. This was especially true for the interaction of age cohort and competition. For example, Figures S5B and S5D show that 21st century plants represent a subset of below- and aboveground trait variation for 20th century plants when including differences by competition treatment. Below- and aboveground traits for salinity and age cohort demonstrate a different pattern: though 21st century and 20th century groups overlap, the 21st century group ellipse tends to expand beyond the variance of age cohort, though this correlates with the second principal component which explains less of the overall variance for both above- and belowground traits (Figure S5A, C). 
[bookmark: _Toc57401190]Summarizing trait responses to stressors. 
All experimental treatments (salinity, competition, and inundation) resulted in dramatic shifts in productivity and other phenotypic traits (Figures 9, 10). The highest levels of aboveground and belowground productivity occurred at +10 cm, inundation, which mean S. americanus thrived when partially inundated. There was some variation by trait as to whether the +10 cm condition resulted in optimal biomass production, however. For example, stem density remained consistently high for all inundation levels except the deepest, most inundated (Figure S4A). For the other stressors, optimal growth occurred in least stressful conditions (freshwater, no competition). Comparable reduction in above- and belowground productivity occurred with introduction of the competitor and exposure to salinity treatment (Figures 9, 10; Figure S4). The 20th century and 21st century plants generally exhibited similar patterns of response, with some notable exceptions. For example, 21st century thick root weight was higher than 20th century thick root weight when planted with a competitor (Figure 9b). In addition, 21st century plants exhibited higher mean green stem height at 0 cm inundation, under no competition (Figure 10c) and 21st century plants exhibited higher mean green weight at 0 cm inundation under competition (Figure 10B). Overall, however, the age cohorts responded similarly to stressors. With competition for example, across all models the no competition treatment results in a positive effect on biomass, though interestingly no competition tends to have a slight negative effect on mortality (Table 7). The strongest benefits to no competition are seen with belowground biomass (Table 10), node count (Table 8), and net biomass (Table 6). Salinity has strong negative effects on biomass and other traits as well. The strongest negative coefficient of salinity is seen in the model for mortality (Table 7). There was a slight positive effect of salinity for stem width (Table 9). 
[bookmark: _Toc57401191]Modelling trait responses to stressors. 
Decomposition of all possible iterations of a global model were done for all traits below. In each model, genotype ID was included as a random effect and predictors included age cohort, salinity, competition, and inundation level plus their interactions. The global model for net final biomass global model showed that the top ranked fixed effects were all experimental treatments, namely level and the interaction of competition and salinity (Figure 11). To a slightly lesser extent, competition and salinity alone were also important predictors (Figure 11). The second-best model also included the interaction between level and salinity. When weighing the importance of predictors across all models, age cohort is closely ranked near the top, with the third best model including age cohort as a strong predictor. The top three models had AIC scores differing by less than two units. Effect sizes for net biomass varied by treatment and age. The interaction between salinity and inundation (simulating sea level rise) resulted in the strongest marginal effect size (Table 6).  Conditional R2 values reflect the combined effect sizes of fixed and random effects. Overall, the random effect of genotype demonstrated moderate effects across all models (Conditional R2=0.30, Marginal R2 = 0.156). Salinity comprises the largest effect size for a sole fixed effect while age cohort represented the smallest effect on net biomass (Table 6). In general, the effect sizes of all fixed effects were small. 

Mortality, as analyzed using a GLMM with presence or absence of tissue as a response, showed that treatments simulating sea level rise (i.e., salinity and inundation level) were the most impactful and important in the best-supported model. Based on averaging across all iterations of the global model, the best-supported model included level and the interaction between level and salinity (Figure 12). Salinity was also important for the top model (Figure 12). Competition and salinity were important predictors in the second best-supported model in addition to the corollaries of sea level rise (Figure 12). Effect size calculations revealed that there were relatively weak effects of all treatments, with the largest effects seen for salinity and for the combined salinity and inundation (Table 7). The lowest effect size was for the age cohort (Table 7). Like the biomass analyses, the mortality response variable exhibited impacts of genotype ID (Conditional R2=0.900, Marginal R2=0.899). When examining model coefficients, the strongest effect results from the salinity treatment (Table 7). Based on time to death analyses in the survival package, there were no significant differences by age cohort for death.  

Sexual reproduction did not strongly differ according to age cohort or treatment. Relatively few plants flowered, with a total of 30 flowers removed from only 14 S. americanus plants over the duration of the experiment. The model for flowering indicated no pattern according to age cohort (p=0.294) or treatment (salinity, p=0.951, competition, p=0.982). Asexual reproduction (i.e., root node counts) occurred more frequently across all treatments. The model for S. americanus node counts revealed differences by treatment but not by age cohort (Figure 13, Table 8). The model with the best AIC included genotype as a random effect, with salinity, inundation level and competition as fixed effects. Level was the most important predictor in the top-ranked model. The second best-supported model for node counts included the interaction between competition and salinity. Age cohort appears as weakly important in the third best-supported model (Figure 13). For effect sizes, the strongest effect is from the positive impact of growing without a competitor (Coefficient = 0.917, Table 8). There was also a strong signal of genotype ID, (Conditional R2 = 0.436, Marginal R2 = 0.274). 

Stem width exhibited similar patterns to reproductive traits. Overall, the strongest response was to the interaction of salinity and competition. The global model decomposition for stem width largely consisted of a single highly probable model (Figure 14). The second best-supported model included the weakly important predictors level and the interaction of level and salinity. The effect sizes of salinity and competition were comparable (Table 9) and model coefficients suggest that competition and salinity had only slight effects on stem width. The random effect of genotype ID had a larger influence on stem width in general (Conditional R2=0.362, Marginal R2 =0.277). 

Decomposition of the global model for belowground biomass shows that the best-supported model includes the interaction between competition and salinity as the most important predictor while competition alone and salinity alone are less important predictors (Figure 15). Salinity had a strong negative effect on belowground biomass (Coefficient -0.169; Table 10). Competition additionally reduced belowground biomass, with the no competition resulting in the highest overall effect (Coefficient = 0.93, Table 10). Like other models, there was some substantial variance associated with genotype ID (Conditional R2 =0.225, Marginal R2 =0.111). 

Stem density exhibited a somewhat unique pattern relative to the previously examined traits. In the presence of a competitor stem density increased rather than decreased (Figure S4A). In the top supported model inundation level, the interaction between competition and salinity and the interaction between level and salinity were the most important predictors (Figure 16). In the second best-supported model age cohort is a moderately important predictor (Figure 16). The coefficients for competition (Coefficient=-0.27, Table 11) indicate that no competition treatment negatively impacts stem density. Salinity and level also had negative effects, with salinity having a larger negative effect than competition (Coefficient=-0.38, -0.09, respectively). Finally, there was a slightly negative coefficient for age cohort, suggesting only a weak effect (Coefficient=-0.0187, Table 11). Here, genotype ID proved less important (Conditional R2 =0.496, Marginal R2 =0.473).
[bookmark: _Toc57401192]Discussion
I analyzed functional trait variation for two resurrected age cohorts of S. americanus in response to simulated sea level rise and competition to provide insight into possible trait shifts over time in a foundational coastal marsh sedge. The overarching goal was to understand evolutionary potential in a species threatened by climate change corollaries by characterizing possibly heritable shifts in traits that scale up to affect the entire brackish marsh plant community and wetland ecosystem (Morris et al. 2002; Kirwan et al. 2008; Schile et al. 2014). While age cohort identity, salinity, competition, and inundation all shaped S. americanus functional traits, it was genotype ID, salinity and inundation that explained most trait variation. Age cohort was not an important predictor for any of the top two best-supported models for any traits and overall demonstrated the smallest relative effect size for most traits. However, when visualizing trait variance in response to stressors, 21st century plants represented a subset of the variance exhibited by 20th century plants, which is something I had hypothesized may occur and may imply some evolutionary shifts in plasticity over time. Though the evolution of plasticity has the potential to be adaptive (Lande 2015), the fact that traits overall did not differ may suggest neutral impacts, potential future adaptive benefits, and/or maladaptation (Ghalambor et al. 2015; Hendry 2016).  Further, it is worth emphasizing that the signal of age cohort is expected to be weaker than the impact of salinity and inundation, and that despite that being true, age cohort was present as a moderately important predictor in the third best-supported model for net biomass. The strongest predictor of plant trait responses was individual genotype. In addition, simulated sea-level rise repressed productivity dramatically. These findings lead me to predict that under increasing sea-level rise, extant S. americanus marshes will be increasingly dependent on genotypic diversity for survival, and that there may be limited potential for short-term, rapid evolution if the rate of sea level rise is not the worst case .
[bookmark: _Toc57401193]Ecological outcomes of individual response to stressors
Overall, this study demonstrates that threats from simulated sea level rise will strongly negatively impact productivity of S. americanus, as well as affecting functional traits that contribute to the maintenance of marsh elevation. This work showed that salinity powerfully effects traits and productivity. S. americanus is considered a halophyte (Sipple 1978) but this study showed that it actually does better with lower salinity; its presence in salty environments may reflect exclusion from less stressful habitats by competitors. Salinity is projected to increase as sea-level rise worsens and ocean water invades previously brackish systems (Hilton et al. 2008a). Salinity is well-understood as a stressor that plays a role in, for example, Spartina alterniflora growing in either short-form or tall-form (Valiela et al. 1978). Salinity also plays a role in marsh zonation, though it is not the most decisive factor in dictating the distribution of halophytes across a gradient of low to high marsh (Silvestri et al. 2005).  Rather, it is likely that a complex combination of interspecific interactions (Emery et al. 2001a; Pennings et al. 2003; Bertness et al. 2013), water flow in the soil ((Silvestri et al. 2005), nutrient availability  (Broome et al. 1995; Levine et al. 1998), and tolerance of inundation (e.g. Schile et al., 2014), among other factors, dictates optimal distribution of halophytes like S. americanus on the marsh. Additionally, it is possible for S. americanus to be supplied with freshwater via increased rainfall, which is another potential corollary of climate change and a documented determinant of estuarine salinity (Dunton et al. 2001; Jarrell et al. 2016), which may help its survival. The combined stress of inundation and salinity logically results in increased mortality and reduction in productivity. These two stressors can severely impact the futures of marshes dominated by S. americanus, especially given that relative sea level rise in the Chesapeake Bay is worse than the global average due to high rates of subsidence and the general topography of the bay (Ezer & Corlett, 2012; IPCC 2014; Thorne et al., 2018). I had hypothesized the possibility that the competitor, S. patens, may serve to facilitate survival and productivity rather than serve as an additional stressor. This premise is based on extensive work in coastal marshes that suggests facilitation is a key factor in persistence, whereby the presence of the same or neighboring species can create a microclimate that facilitates persistence in the face of stress (Bertness and Ellison 1987; Bertness et al. 2013). There was mixed evidence to support this idea. First of all, productivity overall declines sharply in the presence of a competitor, strongly implying that the presence of a competitor would likely reduce S. americanus’ contribution to organic material and sediment trapping (Mudd et al. 2010). However, the density of S. americanus stems increased when grown with S. patens (Figure S4A), which would likely increase the capacity for S. americanus to capture sediment and improve sediment settling, thus likely increasing accretion rates overall (Baustian et al., 2012; Ikegami et al., 2009; Kirwan & Guntenspergen, 2012; Kirwan & Murray, 2007; Mudd et al., 2010; Schile et al., 2014). Asexual reproduction, or node counts, demonstrated strong negative responses to competition as well, suggesting that clonal growth would be repressed by presence of a competitor.
[bookmark: _Toc57401194]Broader implications: evolutionary dynamics
A growing number of experiment-based studies have quantified the impact of rapid evolution on ecological processes and patterns (Franks et al. 2014; Shefferson and Salguero-Gómez 2015; Donelson et al. 2018; Metz et al. 2020). This study contributes to this body of work by providing insight into the evolutionary trajectory of S. americanus through leveraging a naturally-formed seed bank that spans a historical time period during which environmental conditions have shifted considerably (Brush 2001; DeJong et al. 2015). Abiotic stress like climate change corollaries (e.g., sea-level rises) can affect eco‐evolutionary dynamics by altering the strength of selection, the response to selection for ecologically relevant traits, and/or by directly altering the population dynamics. This in turn can feed back to affect trait evolution (Stockwell et al. 2003; Hendry 2016). Direct comparison of a population at different time points can provide insight into whether and how historical environmental change impact traits. In this study, two age cohorts provided a snapshot of potential change through time.

Regarding age cohort identity, there is only weak signal for a subset of traits that suggests age cohort is an important predictor. Net biomass and node counts both included age cohort as an important predictor in the third best-supported model. The other traits showed only a weak importance for the importance of age cohort as a predictor. Overall, across traits the effect of age cohort was small. One possible explanation for this weak effect of age cohort is that S. americanus is capable of high levels of plasticity to buffer against a stochastic natural environment; thus, understanding differences between two time points may be too coarse, perhaps requiring a greater number of age cohorts to detect fine differences. As a long-lived perennial with facultative clonal growth, there may also not have been many effective generations from the early 20th century cohort to the early 21st century cohorts examined here, limiting the scope of potential evolutionary change. 

The predictor that proved more important than age cohort was the genotype identity, which was included as a random effect in all models. The importance of genotype for variance in trait response suggests that more diverse marshes may fare better in the face of worsening climate change as the range of traits improves the odds of persistence. 

One noteworthy finding regarding signatures of evolutionary change over time is the fact that 21st century plants tended to exhibit a subset of the total variance seen in 20th century plants. This finding has several possible explanations. It is possible that the individuals selected for the study are not fully representative of the total variance possible for the 21st century cohort, thus erroneously providing the impression that 21st century groups are a subset of the 20th century groups. However, if we assume the 21st century cohort is representative, it is possible that selection may drive the pattern of reduce variance in the 21st century cohort. In this case, it is possible that plasticity has shifted over time, with 21st century groups expressing a narrower range of traits than 20th century individuals. Another possible scenario is that the reduce variance in 21st century groups can occur due to other evolutionary mechanisms. Immigration/emigration is less of a factor in this wind-pollinated species in which increasing geographic distance corresponds with increasing genetic distance (Summers et al. 2018). More likely is the possibility of genetic drift events that could result in a subset of the 20th century population persisting. 
[bookmark: _Toc57401195]Caveats
There are several aspects to this study which limit the extent to which inferences can be made about change over time and to stressors. First, only two time points are represented rather than a true temporal gradient. As a result, a trend in trait expression may not reflect a directional change. The limited spatial extent of the study can also restrict broader inferences. For example, as sea level has risen over the 20th century, seeds at sampled sites in the older cohort may have been deposited during a period of lower salinity from parental plants in 21st century seeds (Hilton et al. 2008b; Eggleston and Pope 2013). In addition, there are relatively few (9) genotypes per age cohort. This could mean that this relatively small subset of individuals from each age cohort may not be fully representative of the historical populations. However, given the high levels of diversity seen across the depths of the seed bank, there is good reason to believe the seed bank is representative (Summers et al 2018). Further, it is difficult to assess what phenological shifts may be affected by change over time as flowering was a rare occurrence over the course of the experiment. The rarity of flowering is likely a function of the experimental conditions as S. americanus in nature flowers annually, though likely not a function of plant size as S. americanus is known to flower shortly after germinating. Thus, it is possible that important shifts in phenology could not be captured in this study.

The replacement of dead plants early in the experiment may have had an effect: replaced plants would have had up to a month shorter growing time. This is unlikely to have had a major effect, as re-analyzing models with the exclusion of replaced plants does not alter the general conclusions or important predictors for models of total biomass. Coefficients for the global model fixed effects do no shift dramatically and the R2 values remain essentially the same. This is likely because many of the plants that were replaced later died. In addition, some plants showed negative net biomass at the end of the experiment, wherein final biomass was zero compared to the initial weight. While the mean amount of growth was in line with other single season S. americanus and Spartina studies (Langley et al. 2013), having negative growth was unexpected. If these plants are removed from the analyses, the results differ in that the global model with negative values removed shows fewer negative model coefficients across treatments. For example, the majority of positive coefficients remained comparable across the two models but there were some negative coefficients unique to the model with negative values excluded (i.e., the interaction of age cohort and salinity, the interaction of competition and salinity) (Table S1). Further, coefficients for salinity, level, competition*salinity, competition*level, and age*salinity*level were negative in the model with negative values included and positive in the model without negative values. This makes sense, as the stressors that resulted in increased mortality, and thus a zero value for final biomass, are often 
[bookmark: _Toc57401196]Future directions
Additional work demonstrating whether responses to exposure are underpinned by heritable variation would clarify the range of conditions that can elicit rapid evolution. This could be facilitated by conducting controlled crosses and building pedigrees, then deploying pedigreed families in greenhouse experiments. Increasing the number of age cohorts represented extending further back in time can also augment similar studies going forward. Examination of the contributions of nitrogen exposure for plants like S. americanus may also be a warranted trajectory for future studies as nitrogen deposition due to runoff and pollution will likely shift outcomes of climate change corollaries (Langley et al. 2018). One final possible extension of this work is to tease apart whether stem density increases as a function of interspecific interactions more so than intraspecific interactions. 
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[bookmark: _Toc61470697]Figure 8: LDAs of age cohort and treatment. A. LDA of age cohort and competition treatment as response variables. Predictors include stem height, stem width, stem count (density), stem weight (weights of all stems), thick root weight, thin root weight, thick root length, thin root length at the end of the experiment.  The first canonical function explains 90.07% of variance and correlates best with stem count, stem width, and thin root weight. The second canonical function explains 9.18% of variance and is closely related to stem width, stem height, thick and thin root length, and thick root weight. LD1 correlates with the spread by treatment within age cohort more so than between age cohorts. The 21st century plants overlap with the variance exhibited by 20th century plants overall especially along LD1, which seems to correlate most strongly with the competition treatment rather than age cohort. LD2 correlates with the spread of variance between cohorts, which is minimal. Interestingly, the 21st century cohort appears to be a subset of 20th century cohort variance within each treatment condition.
B. This LDA depicts variance in traits based on age cohort and salinity, with the same predictor variables as above. The first canonical function explains 91.06% of variance and correlates with thick root weight, thin root weight thin root length, stem weight and stem count. The second canonical function explains 6.81% of variance and is correlated largely stem height, thick root length, and stem width. For age cohort we see that there is a great deal of overlap but that the 20th century groups tend to encompass the variance of the 21st century cohort, which represents a subset of 20th century cohort variance. For treatment, the freshwater condition exhibits a broader amount of variance for both 20th century and 21st century, with salinity reducing variance for both cohorts. 
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[bookmark: _Toc61470698]Figure 9: Line graphs depicting final belowground biomass in grams (y-axis versus flooding treatment (x-axis). Flooding ranges from -20 cm (least inundated) to +30 cm (most inundated). The panels depict differences in final belowground tissues of S. americanus from 20th century (red lines) and 21st century plants (black lines) under competition with naturally co-occurring Spartina patens (c, dotted lines) and planted alone (nc, solid lines). Panels on the left side are just those plants exposed to freshwater (p ppt salinity) and those on the right are exposed to salinity (15 ppt).  A and B depict the total weight of thick roots and C and D depict the total weight of thin roots. 
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[bookmark: _Toc61470699]Figure 10: Line graphs depicting final aboveground biomass and height in grams and centimeters (y-axis) versus flooding treatment (x-axis). Flooding ranges from -20 cm (least inundated) to +30 cm (most inundated). The panels depict differences in green aboveground tissues of S. americanus from 20th century (red lines) and 21st century plants (black lines) under competition with naturally co-occurring Spartina patens (c, dotted lines) and planted alone (nc, solid lines). Panels on the left side are just those plants exposed to freshwater (p ppt salinity) and those on the right are exposed to salinity (15 ppt). A + B depict differences in green weight by treatment. C +D represent differences in mean green height by treatment. 
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[bookmark: _Toc61470700]Figure 11: Representation of the MuMIn AIC model dredge table for the LMM with net final total biomass. Rows represent models sorted by decreasing empirical support. Row height represents model probability conditional on the full model set. Color shade corresponds to estimated relative importance of variables. All high-ranked models include competition, level, salinity, and competition x salinity. Age cohort becomes relevant mostly at the third most empirically supported model and consistently on down. 




[bookmark: _Toc61470701]Table 6: Effect sizes for the net biomass LMM with genotype as a random effect
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	(Intercept)
	1.539
	0.303
	2.776
	--

	Age cohort
	-0.215
	-1.964
	1.533
	20th cent

	Competition
	1.227
	-0.304
	2.757
	Comp

	Salinity
	-1.283
	-2.814
	0.247
	Fresh

	Level2
	0.128
	-1.402
	1.659
	Level1

	Level3
	0.240
	-1.290
	1.771
	Level1

	Level4
	1.447
	-0.083
	2.978
	Level1

	Level5
	1.273
	-0.257
	2.804
	Level1

	Level6
	-2.054
	-3.584
	-0.523
	Level1

	Age cohort:Competition
	-0.325
	-2.489
	1.840
	--

	Age cohort:Salinity
	0.461
	-1.703
	2.626
	--

	Competition:Salinity
	0.295
	-1.870
	2.459
	--

	Age cohort:Level2
	-0.526
	-2.690
	1.639
	--

	Age cohort:Level3
	0.747
	-1.417
	2.912
	--

	Age cohort:Level4
	0.332
	-1.832
	2.497
	--

	Age cohort:Level5
	1.103
	-1.061
	3.267
	--

	Age cohort:Level6
	1.813
	-0.351
	3.977
	--

	Competition:Level2
	0.484
	-1.680
	2.648
	--

	Competition:Level3
	-0.073
	-2.237
	2.091
	--

	Competition:Level4
	1.275
	-0.890
	3.439
	--

	Competition:Level5
	0.307
	-1.857
	2.472
	--

	Competition:Level6
	-0.475
	-2.640
	1.689
	--

	Salinity:Level2
	1.060
	-1.104
	3.225
	--

	Salinity:Level3
	1.046
	-1.119
	3.210
	--

	Salinity:Level4
	0.167
	-1.997
	2.332
	--

	Salinity:Level5
	-2.221
	-4.386
	-0.057
	--

	Salinity:Level6
	1.364
	-0.800
	3.529
	--

	Age cohort:Competition:Salinity
	0.178
	-2.883
	3.239
	--

	Age cohort:Competition:Level2
	1.430
	-1.631
	4.491
	--

	Age cohort:Competition:Level3
	0.177
	-2.883
	3.238
	--

	Age cohort:Competition:Level4
	0.354
	-2.707
	3.415
	--

	Age cohort:Competition:Level5
	-1.338
	-4.399
	1.723
	--

	Age cohort:Competition:Level6
	0.009
	-3.052
	3.070
	--

	Age cohort:Salinity:Level2
	0.295
	-2.766
	3.356
	--

	Age cohort:Salinity:Level3
	1.040
	-2.021
	4.101
	--

	Age cohort:Salinity:Level4
	-0.147
	-3.208
	2.914
	--

	Age cohort:Salinity:Level5
	0.013
	-3.048
	3.074
	--

	Age cohort:Salinity:Level6
	-2.260
	-5.321
	0.801
	--


Table 6 continued
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	Competition:Salinity:Level2
	-0.551
	-3.612
	2.510
	--

	Competition:Salinity:Level3
	-1.832
	-4.893
	1.229
	--

	Competition:Salinity:Level4
	-2.253
	-5.314
	0.808
	--

	Competition:Salinity:Level5
	0.235
	-2.826
	3.296
	--

	Competition:Salinity:Level6
	-0.356
	-3.417
	2.705
	--

	Age cohort:Competition:Salinity:Level2
	-2.287
	-6.616
	2.042
	--

	Age cohort:Competition:Salinity:Level3
	-2.523
	-6.851
	1.806
	--

	Age cohort:Competition:Salinity:Level4
	-0.541
	-4.870
	3.788
	--

	Age cohort:Competition:Salinity:Level5
	-0.331
	-4.659
	3.998
	--

	Age cohort:Competition:Salinity:Level6
	0.016
	-4.313
	4.345
	--



Table 6 demonstrates the model coefficients for the LMM for net biomass with genotype as a random effect. The fixed effects and their interactions are listed, as well as the model coefficients, and the confidence intervals (2.5%, 97.5%). Also provided are the reference condition for calculating the coefficient (Cond eff). Level 6 corresponds with the deepest flooding level (+30 cm, most inundated) while Level 1 corresponds with being completely unflooded (-20 cm, least inundated) 
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[bookmark: _Toc61470702]Figure 12: Graph of multi-model approximation of most important predictors across all iterations of the full model for mortality, as analyzed using a GLMM with presence or absence of tissue as a response. Representation of the MuMIn AIC model dredge table. Rows represent models sorted by decreasing empirical support. Row height represents model probability conditional on the full model set. Color shade corresponds to estimated relative importance of variables. Plot of model weights for the binomial model for presence and absence of green tissue at the end of the experiment. For mortality, level and the interaction between level and salinity were of highest importance, with salinity also falling out as an important predictor. 
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Table 7: Effect sizes for the binomial mortality GLMM with genotype as a random effect
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	(Intercept)
	19.823
	-60.800
	100.446
	--

	Age cohort
	-0.066
	-121.773
	121.641
	20th cent

	Competition
	0.050
	-102.200
	102.301
	Comp

	Salinity
	-19.568
	-100.184
	61.049
	Fresh

	Level2
	0.020
	-125.854
	125.894
	Level1

	Level3
	-18.352
	-98.985
	62.280
	Level1

	Level4
	-17.413
	-98.050
	63.225
	Level1

	Level5
	-17.413
	-98.043
	63.218
	Level1

	Level6
	-19.009
	-99.640
	61.622
	Level1

	Age cohort:Competition
	-0.031
	-159.428
	159.366
	--

	Age cohort:Salinity
	0.606
	-121.091
	122.302
	--

	Competition:Salinity
	1.165
	-101.086
	103.417
	--

	Age cohort:Level2
	-17.460
	-164.422
	129.502
	--

	Age cohort:Level3
	0.912
	-120.812
	122.637
	--

	Age cohort:Level4
	-0.027
	-121.749
	121.694
	--

	Age cohort:Level5
	17.471
	-220.836
	255.778
	--

	Age cohort:Level6
	0.674
	-121.048
	122.396
	--

	Competition:Level2
	-17.483
	-154.653
	119.687
	--

	Competition:Level3
	0.889
	-101.384
	103.163
	--

	Competition:Level4
	17.459
	-176.175
	211.093
	--

	Competition:Level5
	-0.050
	-102.324
	102.223
	--

	Competition:Level6
	0.606
	-101.659
	102.872
	--

	Salinity:Level2
	1.196
	-124.687
	127.079
	--

	Salinity:Level3
	18.911
	-61.728
	99.551
	--

	Salinity:Level4
	18.628
	-62.018
	99.274
	--

	Salinity:Level5
	18.628
	-62.010
	99.266
	--

	Salinity:Level6
	19.568
	-61.071
	100.207
	--

	Age cohort:Competition:Salinity
	-1.185
	-160.580
	158.211
	--

	Age cohort:Competition:Level2
	34.908
	-219.603
	289.419
	--

	Age cohort:Competition:Level3
	16.576
	-345.041
	378.193
	--

	Age cohort:Competition:Level4
	0.002
	-291.232
	291.237
	--

	Age cohort:Competition:Level5
	0.005
	-316.552
	316.561
	--

	Age cohort:Competition:Level6
	0.270
	-159.136
	159.676
	--

	Age cohort:Salinity:Level2
	17.767
	-129.211
	164.744
	--

	Age cohort:Salinity:Level3
	-0.844
	-122.576
	120.887
	--

	Age cohort:Salinity:Level4
	-0.561
	-122.290
	121.167
	--

	Age cohort:Salinity:Level5
	-17.164
	-255.461
	221.134
	--

	Age cohort:Salinity:Level6
	-1.769
	-123.498
	119.960
	--


Table 7 continued
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	Competition:Salinity:Level2
	34.670
	-186.632
	255.972
	--

	Competition:Salinity:Level3
	-3.195
	-105.488
	99.098
	--

	Competition:Salinity:Level4
	-17.735
	-211.369
	175.899
	--

	Competition:Salinity:Level5
	-1.822
	-104.117
	100.473
	--

	Competition:Salinity:Level6
	-2.912
	-105.192
	99.368
	--

	Age cohort:Competition:Salinity:Level2
	-52.990
	-313.128
	207.148
	--

	Age cohort:Competition:Salinity:Level3
	-15.434
	-377.073
	346.205
	--

	Age cohort:Competition:Salinity:Level4
	0.273
	-290.957
	291.504
	--

	Age cohort:Competition:Salinity:Level5
	0.345
	-316.227
	316.917
	--

	Age cohort:Competition:Salinity:Level6
	1.522
	-157.896
	160.940
	--



Table 7 demonstrates the model coefficients for the binomial model for mortality with genotype as a random effect. The fixed effects and their interactions are listed, as well as the model coefficients, and the confidence intervals (2.5%, 97.5%). Also provided are the reference condition for calculating the coefficient (Cond eff). Level 6 corresponds with the deepest flooding level while Level 1 corresponds with being completely unflooded.
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[bookmark: _Toc61470704]Figure 13: Representation of the MuMIn AIC model dredge table for node counts (asexual reproduction). Rows represent models sorted by decreasing empirical support. Row height represents model probability conditional on the full model set. Color shade corresponds to estimated relative importance of variables. Level is the most important predictor in the best supported model, along with competition and salinity. 










[bookmark: _Toc61470705]Table 8: Effect sizes of the GLMM for node count with genotype as a random effect
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	(Intercept)
	2.613
	1.913
	3.313
	--

	Age cohort
	0.072
	-0.919
	1.063
	20th cent

	Competition
	1.001
	0.129
	1.873
	Comp

	Salinity
	-0.730
	-1.609
	0.149
	Fresh

	Level2
	-0.154
	-1.026
	0.718
	Level1

	Level3
	-0.209
	-1.081
	0.663
	Level1

	Level4
	0.454
	-0.418
	1.326
	Level1

	Level5
	-0.360
	-1.232
	0.512
	Level1

	Level6
	-1.292
	-2.164
	-0.420
	Level1

	Age cohort:Competition
	-0.478
	-1.711
	0.755
	--

	Age cohort:Salinity
	0.113
	-1.125
	1.351
	--

	Competition:Salinity
	-0.670
	-1.908
	0.568
	--

	Age cohort:Level2
	-0.310
	-1.543
	0.923
	--

	Age cohort:Level3
	0.354
	-0.880
	1.587
	--

	Age cohort:Level4
	0.001
	-1.232
	1.234
	--

	Age cohort:Level5
	0.440
	-0.793
	1.674
	--

	Age cohort:Level6
	0.473
	-0.761
	1.706
	--

	Competition:Level2
	-0.300
	-1.533
	0.933
	--

	Competition:Level3
	-0.881
	-2.114
	0.352
	--

	Competition:Level4
	-0.380
	-1.613
	0.854
	--

	Competition:Level5
	-0.466
	-1.699
	0.768
	--

	Competition:Level6
	-0.762
	-1.996
	0.471
	--

	Salinity:Level2
	0.717
	-0.521
	1.955
	--

	Salinity:Level3
	0.441
	-0.797
	1.679
	--

	Salinity:Level4
	0.002
	-1.236
	1.240
	--

	Salinity:Level5
	0.209
	-1.029
	1.447
	--

	Salinity:Level6
	0.569
	-0.669
	1.807
	--

	Age cohort:Competition:Salinity
	0.905
	-0.843
	2.652
	--

	Age cohort:Competition:Level2
	1.225
	-0.519
	2.969
	--

	Age cohort:Competition:Level3
	0.306
	-1.438
	2.050
	--

	Age cohort:Competition:Level4
	0.535
	-1.210
	2.279
	--

	Age cohort:Competition:Level5
	0.041
	-1.703
	1.785
	--

	Age cohort:Competition:Level6
	0.320
	-1.424
	2.064
	--

	Age cohort:Salinity:Level2
	0.445
	-1.303
	2.192
	--

	Age cohort:Salinity:Level3
	0.651
	-1.097
	2.398
	--

	Age cohort:Salinity:Level4
	0.011
	-1.737
	1.758
	--

	Age cohort:Salinity:Level5
	-0.293
	-2.040
	1.455
	--

	Age cohort:Salinity:Level6
	-0.553
	-2.300
	1.195
	--


Table 8 continued
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	Competition:Salinity:Level2
	1.223
	-0.525
	2.970
	--

	Competition:Salinity:Level3
	0.549
	-1.199
	2.296
	--

	Competition:Salinity:Level4
	0.424
	-1.323
	2.172
	--

	Competition:Salinity:Level5
	0.434
	-1.313
	2.182
	--

	Competition:Salinity:Level6
	0.551
	-1.196
	2.299
	--

	Age cohort:Competition:Salinity:Level2
	-2.965
	-5.434
	-0.496
	--

	Age cohort:Competition:Salinity:Level3
	-2.569
	-5.038
	-0.100
	--

	Age cohort:Competition:Salinity:Level4
	-0.959
	-3.428
	1.510
	--

	Age cohort:Competition:Salinity:Level5
	-0.646
	-3.115
	1.823
	--

	Age cohort:Competition:Salinity:Level6
	-0.948
	-3.417
	1.521
	--



Table 8 demonstrating the model coefficients for the model for node count with genotype as a random effect. The fixed effects and their interactions are listed, as well as the model coefficients, and the confidence intervals (2.5%, 97.5%). Also provided are the reference condition for calculating the coefficient (Cond eff). Level 6 corresponds with the deepest flooding level (+30 cm, most inundated) while Level 1 corresponds with being completely unflooded (-20 cm, least inundated).
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[bookmark: _Toc61470706]Figure 14: Graph of multi-model approximation of most important predictors across all iterations of the full model for stem width. Representation of the MuMIn AIC model dredge table. Rows represent models sorted by decreasing empirical support. Row height represents model probability conditional on the full model set. Color shade corresponds to estimated relative importance of variables. For stem width, level and the interaction between level and salinity were of highest importance, with salinity also falling out as an important predictor. 




[bookmark: _Toc61470707]Table 9 Effect sizes for the stem width with genotype as a random effect
	Fixed effect(s)
	Coefficients
	2.50%
	97.50%
	Cond eff

	(Intercept)
	0.163
	0.119
	0.206
	--

	Age cohort
	-0.020
	-0.081
	0.042
	20th cent

	Competition
	0.033
	-0.024
	0.091
	Comp

	Salinity
	-0.003
	-0.061
	0.055
	Fresh

	Level2
	0.024
	-0.034
	0.081
	Level1

	Level3
	-0.032
	-0.089
	0.026
	Level1

	Level4
	0.010
	-0.048
	0.068
	Level1

	Level5
	0.007
	-0.051
	0.065
	Level1

	Level6
	0.105
	0.048
	0.163
	Level1

	Age cohort:Competition
	-0.008
	-0.090
	0.073
	--

	Age cohort:Salinity
	0.000
	-0.082
	0.081
	--

	Competition:Salinity
	-0.013
	-0.095
	0.069
	--

	Age cohort:Level2
	-0.010
	-0.092
	0.072
	--

	Age cohort:Level3
	0.064
	-0.018
	0.145
	--

	Age cohort:Level4
	0.036
	-0.046
	0.117
	--

	Age cohort:Level5
	0.062
	-0.020
	0.144
	--

	Age cohort:Level6
	0.022
	-0.060
	0.103
	--

	Competition:Level2
	-0.007
	-0.088
	0.075
	--

	Competition:Level3
	0.024
	-0.058
	0.106
	--

	Competition:Level4
	0.119
	0.037
	0.200
	--

	Competition:Level5
	0.048
	-0.033
	0.130
	--

	Competition:Level6
	-0.104
	-0.186
	-0.023
	--

	Salinity:Level2
	-0.034
	-0.116
	0.047
	--

	Salinity:Level3
	0.008
	-0.074
	0.089
	--

	Salinity:Level4
	-0.001
	-0.083
	0.081
	--

	Salinity:Level5
	-0.065
	-0.147
	0.016
	--

	Salinity:Level6
	-0.129
	-0.211
	-0.048
	--

	Age cohort:Competition:Salinity
	-0.005
	-0.120
	0.110
	--

	Age cohort:Competition:Level2
	0.049
	-0.066
	0.164
	--

	Age cohort:Competition:Level3
	-0.021
	-0.137
	0.094
	--

	Age cohort:Competition:Level4
	-0.059
	-0.175
	0.056
	--

	Age cohort:Competition:Level5
	-0.068
	-0.184
	0.047
	--

	Age cohort:Competition:Level6
	0.006
	-0.109
	0.121
	--

	Age cohort:Salinity:Level2
	0.024
	-0.092
	0.139
	--

	Age cohort:Salinity:Level3
	-0.019
	-0.134
	0.097
	--

	Age cohort:Salinity:Level4
	-0.037
	-0.152
	0.079
	--

	Age cohort:Salinity:Level5
	-0.037
	-0.152
	0.079
	--

	Age cohort:Salinity:Level6
	0.039
	-0.076
	0.155
	--

	Competition:Salinity:Level2
	0.052
	-0.063
	0.167
	--


Table 9 continued
	Fixed effect(s)
	Coefficients
	2.50%
	97.50%
	Cond eff

	Competition:Salinity:Level3
	-0.031
	-0.147
	0.084
	--

	Competition:Salinity:Level4
	-0.136
	-0.252
	-0.021
	--

	Competition:Salinity:Level5
	0.008
	-0.107
	0.124
	--

	Competition:Salinity:Level6
	0.122
	0.007
	0.237
	--

	Age cohort:Competition:Salinity:Level2
	-0.056
	-0.219
	0.107
	--

	Age cohort:Competition:Salinity:Level3
	0.021
	-0.143
	0.184
	--

	Age cohort:Competition:Salinity:Level4
	0.056
	-0.108
	0.219
	--

	Age cohort:Competition:Salinity:Level5
	0.070
	-0.093
	0.233
	--

	Age cohort:Competition:Salinity:Level6
	-0.060
	-0.223
	0.103
	--



Table 9 demonstrates the model coefficients for the model for stem width with genotype as a random effect. The fixed effects and their interactions are listed, as well as the model coefficients, and the confidence intervals (2.5%, 97.5%). Also provided are the reference condition for calculating the coefficient (Cond eff). Level 6 corresponds with the deepest flooding level (+30 cm, most inundated) while Level 1 corresponds with being completely unflooded (-20 cm, least inundated).
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[bookmark: _Toc61470708]Figure 15: Graph of multi-model approximation of most important predictors across all iterations of the full model for belowground biomass, as analyzed using a LMM with presence or absence of tissue as a response. Representation of the MuMIn AIC model dredge table. Rows represent models sorted by decreasing empirical support. Row height represents model probability conditional on the full model set. Color shade corresponds to estimated relative importance of variables. For total belowground biomass, the interaction between competition and salinity were of highest importance, with salinity and competition alone also falling out as important predictors. 




[bookmark: _Toc61470709]Table 10: Effect sizes and model coefficients for belowground biomass 
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	(Intercept)
	1.695
	0.913
	2.478
	--

	Age cohort
	-0.090
	-1.199
	1.017
	20th cent

	Competition
	0.707
	-0.296
	1.711
	Comp

	Salinity
	-0.458
	-1.468
	0.552
	Fresh

	Level2
	0.316
	-0.688
	1.320
	Level1

	Level3
	0.447
	-0.557
	1.451
	Level1

	Level4
	1.385
	0.381
	2.388
	Level1

	Level5
	0.781
	-0.223
	1.785
	Level1

	Level6
	-0.744
	-1.747
	0.260
	Level1

	Age cohort:Competition
	-0.259
	-1.678
	1.161
	--

	Age cohort:Salinity
	0.058
	-1.366
	1.482
	--

	Competition:Salinity
	-0.072
	-1.496
	1.352
	--

	Age cohort:Level2
	-0.483
	-1.902
	0.937
	--

	Age cohort:Level3
	0.424
	-0.995
	1.844
	--

	Age cohort:Level4
	0.017
	-1.402
	1.437
	--

	Age cohort:Level5
	0.681
	-0.738
	2.101
	--

	Age cohort:Level6
	0.702
	-0.717
	2.122
	--

	Competition:Level2
	0.070
	-1.349
	1.490
	--

	Competition:Level3
	0.097
	-1.323
	1.516
	--

	Competition:Level4
	0.762
	-0.657
	2.182
	--

	Competition:Level5
	0.423
	-0.997
	1.842
	--

	Competition:Level6
	-0.509
	-1.928
	0.911
	--

	Salinity:Level2
	0.162
	-1.262
	1.586
	--

	Salinity:Level3
	0.756
	-0.668
	2.181
	--

	Salinity:Level4
	-0.435
	-1.859
	0.989
	--

	Salinity:Level5
	-1.050
	-2.474
	0.374
	--

	Salinity:Level6
	0.315
	-1.109
	1.739
	--

	Age cohort:Competition:Salinity
	0.407
	-1.604
	2.418
	--

	Age cohort:Competition:Level2
	0.905
	-1.102
	2.913
	--

	Age cohort:Competition:Level3
	-0.165
	-2.172
	1.843
	--

	Age cohort:Competition:Level4
	0.442
	-1.565
	2.450
	--

	Age cohort:Competition:Level5
	-1.352
	-3.360
	0.655
	--

	Age cohort:Competition:Level6
	-0.262
	-2.269
	1.746
	--

	Age cohort:Salinity:Level2
	0.581
	-1.429
	2.592
	--

	Age cohort:Salinity:Level3
	0.618
	-1.393
	2.629
	--

	Age cohort:Salinity:Level4
	0.339
	-1.672
	2.349
	--

	Age cohort:Salinity:Level5
	-0.651
	-2.662
	1.359
	--

	Age cohort:Salinity:Level6
	-0.666
	-2.676
	1.345
	--

	Competition:Salinity:Level2
	0.482
	-1.529
	2.492
	--


Table 10 continued
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	Competition:Salinity:Level3
	-1.400
	-3.410
	0.611
	--

	Competition:Salinity:Level4
	-1.285
	-3.295
	0.726
	--

	Competition:Salinity:Level5
	-0.151
	-2.162
	1.860
	--

	Competition:Salinity:Level6
	0.195
	-1.815
	2.206
	--

	Age cohort:Competition:Salinity:Level2
	-2.099
	-4.940
	0.742
	--

	Age cohort:Competition:Salinity:Level3
	-1.732
	-4.573
	1.109
	--

	Age cohort:Competition:Salinity:Level4
	-0.797
	-3.638
	2.045
	--

	Age cohort:Competition:Salinity:Level5
	0.660
	-2.181
	3.501
	--

	Age cohort:Competition:Salinity:Level6
	-0.093
	-2.934
	2.749
	--


Table 10 demonstrates the model coefficients for the model for belowground biomass with genotype as a random effect. The fixed effects and their interactions are listed, as well as the model coefficients, and the confidence intervals (2.5%, 97.5%). Also provided are the reference condition for calculating the coefficient (Cond eff). Level 6 corresponds with the deepest flooding level (+30 cm, most inundated) while Level 1 corresponds with being completely unflooded (-20 cm, least inundated). 
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[bookmark: _Toc61470710]Figure 16: Graph of multi-model approximation of most important predictors across all iterations of the full model for stem density/ stem count, as analyzed using a negative binomial GLMM with final stem count as a response variable. Representation of the MuMIn AIC model dredge table. Rows represent models sorted by decreasing empirical support. Row height represents model probability conditional on the full model set. Color shade corresponds to estimated relative importance of variables. For stem count, the interaction between competition and salinity, level and salinity, level alone were of highest importance, with salinity and competition alone and the interaction between competition and level also falling out as important predictors. The second best-supported model included age cohort as an important predictor as well. 




[bookmark: _Toc61470711]Table 11: Effect sizes and model coefficients for stem density negative binomial model 
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	(Intercept)
	2.374
	2.211
	2.536
	--

	Age cohort
	0.022
	-0.202
	0.246
	20th cent

	Competition
	-0.271
	-0.481
	-0.060
	Comp

	Salinity
	-0.567
	-0.794
	-0.341
	Fresh

	Level2
	0.030
	-0.193
	0.254
	Level1

	Level3
	-0.132
	-0.366
	0.102
	Level1

	Level4
	-0.097
	-0.331
	0.136
	Level1

	Level5
	-0.097
	-0.335
	0.140
	Level1

	Level6
	-0.725
	-0.994
	-0.455
	Level1

	Age cohort:Competition
	-0.034
	-0.325
	0.257
	--

	Age cohort:Salinity
	-0.267
	-0.581
	0.048
	--

	Competition:Salinity
	0.234
	-0.062
	0.530
	--

	Age cohort:Level2
	-0.082
	-0.393
	0.229
	--

	Age cohort:Level3
	0.162
	-0.158
	0.481
	--

	Age cohort:Level4
	-0.009
	-0.330
	0.312
	--

	Age cohort:Level5
	0.046
	-0.281
	0.372
	--

	Age cohort:Level6
	0.155
	-0.207
	0.516
	--

	Competition:Level2
	-0.072
	-0.383
	0.239
	--

	Competition:Level3
	0.048
	-0.279
	0.374
	--

	Competition:Level4
	0.188
	-0.132
	0.508
	--

	Competition:Level5
	0.084
	-0.249
	0.416
	--

	Competition:Level6
	-0.178
	-0.558
	0.201
	--

	Salinity:Level2
	0.462
	0.139
	0.785
	--

	Salinity:Level3
	0.429
	0.109
	0.748
	--

	Salinity:Level4
	0.567
	0.240
	0.895
	--

	Salinity:Level5
	0.484
	0.161
	0.808
	--

	Salinity:Level6
	0.478
	0.090
	0.866
	--

	Age cohort:Competition:Salinity
	0.421
	0.013
	0.829
	--

	Age cohort:Competition:Level2
	0.252
	-0.176
	0.680
	--

	Age cohort:Competition:Level3
	-0.077
	-0.528
	0.373
	--

	Age cohort:Competition:Level4
	0.106
	-0.328
	0.539
	--

	Age cohort:Competition:Level5
	-0.103
	-0.564
	0.358
	--

	Age cohort:Competition:Level6
	0.370
	-0.131
	0.870
	--

	Age cohort:Salinity:Level2
	0.294
	-0.149
	0.738
	--

	Age cohort:Salinity:Level3
	0.187
	-0.254
	0.628
	--

	Age cohort:Salinity:Level4
	0.321
	-0.131
	0.773
	--

	Age cohort:Salinity:Level5
	0.260
	-0.190
	0.711
	--

	Age cohort:Salinity:Level6
	0.337
	-0.175
	0.850
	--


Table 11 continued
	Fixed effect(s)
	Coefficients
	2.5% CI
	97.5% CI
	Cond eff

	Competition:Salinity:Level2
	-0.047
	-0.482
	0.388
	--

	Competition:Salinity:Level3
	-0.486
	-0.946
	-0.026
	--

	Competition:Salinity:Level4
	-0.621
	-1.058
	-0.183
	--

	Competition:Salinity:Level5
	-0.529
	-0.980
	-0.078
	--

	Competition:Salinity:Level6
	-0.250
	-0.769
	0.269
	--

	Age cohort:Competition:Salinity:Level2
	-0.790
	-1.394
	-0.186
	--

	Age cohort:Competition:Salinity:Level3
	-0.456
	-1.098
	0.185
	--

	Age cohort:Competition:Salinity:Level4
	-0.471
	-1.077
	0.135
	--

	Age cohort:Competition:Salinity:Level5
	-0.472
	-1.101
	0.157
	--

	Age cohort:Competition:Salinity:Level6
	-1.303
	-2.024
	-0.582
	--


Table 11 demonstrates the model coefficients for the model for stem density with genotype as a random effect. The fixed effects and their interactions are listed, as well as the model coefficients, and the confidence intervals (2.5%, 97.5%). Also provided are the reference condition for calculating the coefficient (Cond eff). Level 6 corresponds with the deepest flooding level (+30 cm, most inundated) while Level 1 corresponds with being completely unflooded (-20 cm, least inundated)
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[bookmark: _Toc61470712]Figure S4: Trait comparisons across treatments
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Figure S4 continued
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Figure S4 continued. Interaction plots built to show the impact of treatments and age cohort broken out by the traits measured. The upper left graph in each panel depicts the differences by salinity treatment (f – freshwater, s – salinity). The upper right graph in each panel depicts differences between age cohorts. The bottom left graph depicts differences in competition treatments (c – competition, nc – no competition). The bottom right graph depicts differences across inundation level (1 = +20cm 6 = -30cm, from least to most inundated). A – Differences in stem density of S. americanus across treatments and age cohort, indicating that the largest differences are by treatment, particularly with a reduction in stem density with the introduction of salinity and an increase in stem density in the presence of a competitor. Stem density dramatically decreases under increased inundation. Overall, 20th century plants exhibit lower stem density versus 21st century plants. B – Differences in final green weight for S. americanus across treatments and age cohorts. Again, large reductions in productivity occur in response to salinity and competition. C – Differences in stem width for S. americanus across treatments and age cohort, indicating that this trait, like green biomass, is plastic and strongly reduced by salinity and competition. The 20th century plants have a slightly higher average stem width versus 21st century plants. D – Differences in stem height for S. americanus closely tracks with green biomass across salinity and competition treatments. However, there are significant differences overall between 20th century and 21st E – Differences in total belowground weight by treatments and age cohort. 
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Figure S5: PCAs of trait variance across treatments
Principal components analyses depicting the variation in traits for belowground (top row) and aboveground (bottom row). Ellipses represent age cohorts (20th century – red, 21st century – black) and vectors show the co-variation and spread of traits included in the PCA. Panel A – depicts variation by salinity for S. americanus belowground data. Plan B – Competition vs. no competition for S. americanus belowground data. Panel C – salinity vs. fresh for S. americanus aboveground data. Panel D - Competition vs. no competition for S. americanus aboveground data
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temporal variation in halophytic plant gene expression in response to a climate change pressure


[bookmark: _Toc57401200]Abstract
Climate change corollaries threaten numerous species, especially coastal species, which must cope with the brunt of combined stressors. Coastal plant communities in particular face threats from rising ambient CO2, inundation from sea-level rise, and saltwater intrusion from sea-level rise. Salinity is of special interest to the scientific community as it threatens both natural coastal marsh systems (via sea level rise) as well as agricultural species facing arable land salinization. One means of better predicting the future of response to salinity is direct comparison of populations through time to examine how a species has evolved over the last century using the extant population and its dormant propagules. This approach, known as resurrection ecology, enables on to gauge evolutionary potential of the studied populations. Resurrection ecology involves reviving dormant propagules and comparing their phenotypes in common conditions, often coupled with genomic data. In this study, I utilized a century-old seed bank of the foundational coastal marsh sedge Schoenoplectus americanus to assess the nature of responses to salinity. Gene expression differences by age cohort were largely seen in belowground tissues, with some indications of separation by age cohort based on gene identity and expression level. Aboveground tissues revealed more differential expression based on treatment rather than age cohort. Belowground gene expression exhibits the clearest differences by age cohort. Salinity causes major shifts in gene expression, with some shifts by age cohort in belowground tissue gene expression. Samples were taken for root and stem tissues. RNA sequences were assembled to create a draft transcriptome, annotated, and differential gene expression analyses performed. Overall, the strongest signals were by tissue type, wherein root and stem tissues differed. Differences by salinity treatment were the next most significant overall, though this pattern varied by genotype. Finally, 20th century and 21st century groups tended to exhibit similar gene expression patterns. Annotations demonstrated antioxidant action may be a key mechanism for salinity tolerance in S. americanus. This work represents the first gene expression analysis for this foundational brackish marsh species. 
[bookmark: _Toc57401201]Introduction
[bookmark: _Toc57401202]Rapid evolutionary change
The potential for rapid phenotypic evolution over brief evolutionary time has garnered increasing interest in recent years. This is in part due to the swift onset of climate change corollaries (e.g., worsening storms, drought, flooding, sea-level rise) (IPCC 2014). Species that survive precipitous shifts in environmental conditions must respond by migration, phenotypic plasticity, and/or evolutionary response (Wiens 2016; Román-Palacios and Wiens 2020). Rapid phenotypic shifts in the short term may prove consequential if they can confer improved fitness on populations facing the brunt of climate change (i.e. if they are adaptive) (Merilä and Hendry 2014; Reusch 2014). Determining if shifts in phenotype are attributable to rapid evolution or plasticity is challenging, in part because rapid evolution is difficult to detect due to its likely being ubiquitous and incremental (but see Franks et al. 2011)(Noble et al. 2019; Hendry et al. 2008; Donelson et al. 2018; Dickman et al. 2019). One means of better detecting small evolutionary changes is the examination of shifts on a molecular genetic level (Messer et al. 2016). Prior studies focus on shifts in allele frequencies to look for signatures of selection by leveraging genomics approaches like microsatellite genotyping, ddRADseq, and RNAseq (Alvarez et al. 2015; Goodwin et al. 2016; Elbers et al. 2017; Lavretsky et al. 2019). Perhaps the least frequently used method for discovering evidence of evolutionary shifts over time is RNAseq. This is despite the fact that gene expression shifts can be associated with phenotypic shifts, which can in turn affect fitness (Hales et al. 2017; Tahmasebi et al. 2018).
[bookmark: _Toc57401203]Gene expression
Gene expression (i.e., transcriptional) variation is an informative approach for determining the balance of ecological and evolutionary mechanisms underlying responses to environmental pressures (Harder, Willoughby, Ardren, & Christie, 2020; Meek, 2020). Profiling gene expression under contrasting exposure regimes may, for example, reveal the physiology and genes associated with observable phenotypic change (Eller et al. 2014; McGowan et al. 2019; Nayak et al. 2020). Comparisons of transcriptomic variation within and among populations offers insight into plasticity, adaptive potential, and adaptive differentiation in stress exposure response (Groen et al. 2020; Hamann et al. 2020). RNAseq studies have revealed extensive individual-level heritable variation in gene expression upon which selection might act (Oleksiak et al. 2005; Pérez-Portela et al. 2020) as well as signatures of adaptive variation in gene expression associated with differences in fitness (Eller et al. 2013; Holmes et al. 2016; Harder et al. 2020). Changes in the expression of genes that influence traits under selection can be a route to rapid evolution as well as a means of understanding if shifts reflect plasticity rather than adaptation. For example, the use of biological replicates and cloned individuals across experimental treatments in RNAseq experiments enables estimation of individual-level variation relative to inter-generational differences (Hamann et al., 2020). Cross-generational comparisons of trait and transcriptional variation have also illustrated how the emergence of adaptive phenotypes relates to shifts in environmental conditions over time (Hamann et al., 2020; Chowdhury et al., 2015; Yousey et al., 2018). Because gene expression varies strongly by tissue, time, developmental stage and in response to the environment, it can be a difficult tool to use to study evolutionary shifts. Nevertheless, there are some clear examples in the literature associating gene expression with change over time (Ghalambor et al. 2015; Campbell-Staton et al. 2017; Hamann et al. 2020).
[bookmark: _Toc57401204]Resurrection ecology
Direct comparison of individuals from the same population over time provides a useful context for understanding if and how evolution occurs (Kerfoot et al. 1999; Hairston and Kearns 2002; Franks et al. 2007; Ellner et al. 2011; Frisch et al. 2014a; Franks et al. 2018). Classical methods to understand responses to future climate conditions include space-for-time studies, wherein one samples individuals across an environmental gradient of a species range to capture conditions that mimic progression of expected future climate change scenarios (Pickett 1989; Ware et al. 2019). Resurrection ecology is a more powerful approach as it samples different iterations of a population through time, thus theoretically comparing descendant populations with ancestral ones from a single site (Kerfoot and Weider 2004; Franks et al. 2008). This framework is especially useful when combined with genomics tools to compare between older and younger revived propagules to potentially uncover genetic mechanisms underlying adaptive responses (Franks and Hoffmann 2012; Dickman et al. 2019). Most of the work demonstrating the utility and challenges of resurrection ecology focuses on zooplankton and resting stage egg revival (Weider et al. 1997; Mergeay et al. 2007; Pantel et al. 2015; Yousey et al. 2018; Zhang et al. 2018). Use of naturally formed seed banks in plants is less common (Tonsor et al. 21193), though there have been exciting advances in human-stored seeds of Brassica rapa (Franks and Weis 2009). The rarity of resurrection ecology in plant species is in part due to the difficulty of finding undisturbed, well-stratified sediments that store highly dormant and durable seeds capable of being revived. However, prior work demonstrates that the foundational brackish marsh sedge Schoenoplectus americanus forms a century-long seed bank useful for resurrection studies (Summers et al. 2018). Leveraging the S. americanus seed bank is particularly useful given the imminent impacts of rising sea levels and other climate change corollaries (Kearney 1996). Further, prior work suggests that microsatellite genotypes of resurrected S. americanus plants shifted across a century, indicating evolutionary change occurred though the mechanism and impacts for phenotype remain unclear (Summers et al. 2018). Further, prior work deploying old and young revived plants from in and around the Chesapeake Bay demonstrated some subtle changes in functional traits in response to salinity and inundation (i.e., simulated sea-level rise) (Summers et al. in prep). Thus, combining the powerful approach of resurrection ecology with RNAseq may improve understanding of the molecular mechanisms of any evolutionary shift and provide details on plasticity in gene expression responses to simulated sea- level rise, particularly the increase of salinity.
[bookmark: _Toc57401205]Salinity and its impacts on coastal marshes
Salinity exposure elicits stress responses in most plants, though salt-tolerant species can persist at certain salinity thresholds (i.e. halophytes) (Munns and Termaat 1986; Courtney et al. 2016). Some of the best studied halophytes are found in coastal marshes where marsh zonation in plant communities from low to high elevation is determined in part by wetland salinity (Emery et al. 2001b). Salinity in coastal systems is projected to increase along with sea-level rise, resulting in inland migration of coastal plants and/ or elimination of vegetation and land loss (Gedye et al. 2010; Najjar et al. 2010). Studies on how salinity may affect coastal halophytes suggest that evolution could be possible in plants like Spartina pectinata as traits associated with salinity tolerance demonstrate relatively high heritability (Robben et al. 2018). Vegetation loss in coastal wetlands negatively impacts accretion because wetlands plants capture sediment and contribute organic matter via root and stem biomass that maintains wetland elevation (Farnsworth and Meyerson 2003; Kirwan et al. 2008; Baustian et al. 2012; Kelleway et al. 2017). Thus, vegetation die-off can result in conversion of marshland to open water (Kearney et al. 1991; Nyman et al. 2006). This process is vividly illustrated by the loss of a land the size of a football field per day along Louisiana’s coasts (Hatton et al. 1983; Jankowski et al. 2017). The Chesapeake Bay, the largest estuary in the United States, also experiences high rates of relative sea level rise in part due to land subsidence and topography (Stevenson et al. 1985; Kearney et al. 1991; Kearney 1996; Boon et al. 2010). Relative sea level trends of the lower Bay is 4.4501 ± 0.1850 mm/year (Boon et al. 2010). Over the second half of the twentieth century salinity has increased in the Chesapeake Bay and is projected to increase as sea level rise worsens (Hilton et al. 2008a; Boon et al. 2010; Hong and Shen 2012). Salinity varies based on distance from the mouth of the Bay and the effect of freshwater flowing in from the Susquehanna River at the opposite end of the Bay. Further, dredging of the bay to maintain depths accessible to ships going to Baltimore harbor increases the flow of salt water into the Bay as salt water is denser than fresh and flows inland at depth (Hilton et al. 2008a).  If sea level rises 50 cm, salinity would increase by 2 ppt and with a rise in sea levels of 100 cm, salinity would rise by 4 ppt (Rice et al. 2012). If sea level rises 100 cm, which may be a conservative estimate by some accounts, the volume of water registering 10 and 20 ppt salinity would increase greatly (Rice et al. 2012). Despite being halophytic, S. americanus exhibits strong reactions to high salinity, including repression of productivity (Drake 2014; Schile et al. 2017; Summers et al. in prep) and environmental stress can impact flowering and other reproductive traits (Cho et al. 2017). Thus, there is considerable potential for evolutionary response to salinity.

Here, I ask how S. americanus may have responded to historical shifts in salinity and what that can tell us about its ability to respond to increasing salinity as sea level rises and associated saltwater intrusion worsens. Specifically, I will examine gene expression differences via RNA sequencing of resurrected plants exposed to salinity (15 ppt). Based on prior work demonstrating evolutionary shifts after just 100 years at neutral loci and generally high levels of genetic diversity in S. americanus populations indicative of frequent outcrossing, I expect plants resurrected from different cohorts to differ significantly in their gene expression. I further ask if S. americanus exhibits any novel genomic pathways in its response to salinity when compared with commonly studied organisms (e.g., Arabidopsis, Spartina, Oryza). 
[bookmark: _Toc57401206]Methods
[bookmark: _Toc57401207]RNAseq experiment.  
To characterize potential differences in gene expression responses to salinity exposure, I exposed resurrected genotypes recovered from Corn Island Marsh in the Chesapeake Bay (Edgewater, MD) to salinity (15 ppt) and freshwater (0 ppt) for 2 months. Plants were either from the 20th century or the 21st century based on soil cores dated using 210Pb and 137Cs (Summers et al. 2018). The 20th century cohort was composed of nine genotypes germinated from the 18-22 cm stratigraphic layer (ca. 87-112 years old; Summers et al., 2018). The 21st century cohort was composed of nine genotypes germinated from the 2-4 cm stratigraphic later (ca. 22 years old; Summers et al., 2018). Note that while the 21st century cohort is in the same area as the 20th century, I do not know detailed family relationships: the 20th century cohort may not be direct ancestors of the 21st plants. Clones of each genotype were used to standardize assessment of responses to salinity (i.e., one clone in each condition). The plants were grown in a greenhouse at the University of Tennessee, Knoxville during Summer 2018 in flooded tubs. Tides were simulated such that water levels rose and fell twice a day; at “high tide” water levels were at the top of the 12-inch PVC pots and at low tide water levels were below the bottom of the pots. Throughout the experiment salinity levels were checked to ensure root and stem tissues were sampled from individuals (n total = 31) in low salinity (n = 20) and high salinity (n = 11) treatments at 0 cm inundation (Table S6). I took samples of stem tissues (n = 24) and root tissues (n = 7). Unequal sampling resulting in part due to mortality of plants and in part due to tissues being used in initial RNA extractions (Table S6). All tissues samples were immediately preserved in liquid nitrogen before shipping to the sequencing center.
[bookmark: _Toc57401208]RNAseq analysis. 
Preserved tissues were subsequently shipped to Novogene Corporation (Sacramento, CA), which performed RNA extractions, library development and paired-end (2x 150bp) sequencing. RNA was extracted with TIANGEN kit and mRNA libraries were generated using a NEBNext Ultra™ II RNA Library Prep Kit for Illumina according to the manufacturer’s protocol, with unique indices added to each sample. Briefly, mRNA was enriched using oligo(dT) beads. The mRNA was then randomly fragmented, and cDNA was synthesized by using mRNA template and a random hexamer primer. The second strand of cDNA synthesis was synthesized using DNA Polymerase I and RNase H. Overhangs of the cDNA were converted into blunt ends via exonuclease and polymerase trimming. After adenylation of 3' ends of DNA fragments, NEBNEXT adapters were ligated to prepare for hybridization. To select 250-300bp cDNA fragments, the libraries were purified with the AMPure XP system, after which the libraries were subject to PCR amplification. The cDNA library preparations included mRNA targeting to reduce rRNA contamination. Paired-end sequencing of 150bp fragments was conducted on an Illumina NovaSeq instrument. 

Average sequence length and quality scores for all 31 individuals were determined using a custom Python script. All paired-end reads were trimmed using Atropos v. 1.1.22 (Didion et al. 2017), with flags for automatically detecting Illumina adapters, to eliminate reads with a phred score of less than 15 and to ensure a minimum length of 50 base pairs. Sequences were then screened for rRNA contamination by aligning reads against all Arabidopsis thaliana rRNA accessions downloaded as a single fasta file from GenBank (Taxonomy ID:3701; 21 accessions). The program Burrows Wheeler Aligner (BWA) mem algorithm (optimized for sequences longer than 75 bp) was used to align the sequences, as it has been demonstrated to work well for shorter, partial alignments with error rates ranging from 2-10% (Li and Durbin 2010; Clark et al. 2016).

The program rnaSPADES (Bushmanova et al. 2019) was used to create individual sample assemblies. The program rnaSPAdes is an extension of SPAdes (Saint Petersburg Aligner), which performs iterative short-read assembly for values of K (i.e., fragment length) that are automatically selected based on read length and data type. SPAdes has a lower memory requirement and achieves more rapid processing speeds than more widely used programs like Trinity (Hölzer and Marz 2019). Paired end reads for each sample were run with the flag for data limitation at 250 GB, with K-mer size automatically selected at 49 and 73 for 150 bp long reads. Notably, the large size of fastq files required a computationally tractable individual assembly approach. The quality of individual assemblies was assessed using TransRate (Smith-Unna, Boursnell, Patro, Hibberd, & Kelly, 2016), which provides an assembly quality score based on contig length and read mapping rates. The protocol outlined in Cerveau and Jackson (2016) was then used to create a consensus assembly across samples, which involved concatenating individual assemblies and using the program CD-HIT to remove redundant sequences (Fu et al. 2012). 

Open reading frames (ORFs), peptides, and coding sequences for individual assemblies and the concatenated assembly were predicted using TransDecoder (Haas et al. 2013). Mercator MapMan4 web service was used to annotate the reads in MapMan bins organized by general functional groups (Lohse et al. 2014; Schwacke et al. 2019). The input files for MapMan4 were output coding sequence (*.cds) files from TransDecoder (Schwacke et al. 2019). Reads were then aligned against the concatenated assembly using align from the Rsubread package (Lia et al. 2013). Read counting was performed using the featureCounts function implemented in the R package Rsubread (Liao et al. 2013). Using the resulting read count table, a differential gene expression analysis was performed using the R package DESeq2 version 1.28.1 (Love et al. 2014).  DESeq2 is an extension of the original DESeq methodology, which uses generalized linear models (GLMs) of read count data to estimate expression strength of a gene for a treatment group as well as the magnitude of change in expression between groups. Wald tests were then conducted to determine whether each model-based estimate (i.e., coefficient) significantly differed from zero. The spread of differences in gene expression was visualized using a PCA approach implemented in DESeq2 (Love et al. 2014).  I built heat maps of differentially expressed genes using pheatmap function in the pheatmap R package v1.0.12. (Kolde 2019). To confirm that each individual exhibited a distinct genotype and to characterize within and between population diversity, estimates of fixation indices were calculated using the populations module in Stacks2 (Rochette et al. 2019).  
[bookmark: _Toc57401209]Results
I performed RNA sequencing on samples taken from two resurrected age cohorts exposed to saline (15 ppt) and freshwater (0 ppt) conditions. Samples were taken for root and stem tissues. RNA sequences were assembled to create a draft transcriptome, annotated, and differential gene expression analyses performed. Overall, the strongest signals were by tissue type, wherein root and stem tissues differed. Differences by salinity treatment were the next most significant overall, though this pattern varied by genotype. Finally, 20th century and 21st century groups tended to exhibit similar gene expression patterns. Based on analysis using the Stacks2 pipeline, all samples included in this experiment were unique genotypes. A total of 2.3 billion raw reads were sequenced. Based on fastQC analysis, there was no adapter contamination after trimming. There were warnings for per tile sequence quality that suggest possible flaws for sequencing at the flow cell level. An average of 12,556,851 reads were mapped for each sample.
[bookmark: _Toc57401210]Ordination of expression differences
Ordination of gene expression profiles of the samples revealed several clear patterns based on treatment and age cohort. The PCAs illustrated that root and stem tissue exhibited strikingly distinct expression profiles. When examining the combined effects of treatment and age, variance based on treatment was best explained by PC2 (7%) (Figure 17A). However, the strongest pattern when considering all reads is the difference between tissues, with the differences between root and stem correlating with PC1 (68%) (Figure 17A). Stem tissues alone clearly demonstrate differences by treatment in expression profiles, but there were few clear differences by age cohort (Figure 17B). Rather, the 20th century and 21st century groups overlap considerably. The freshwater versus salinity treatment differ more clearly in correlation with PC2 (13%), though several samples cluster closely with salinity treatments (Figure 17B). When examining just root tissues, there is a much clearer pattern of response based on age cohort in correlation with PC2 (28%) (Figure 17C). Differences by treatment for root tissues correlate slightly with both PCs (Figure 17C). The spread along PC1 seems best explained by differences between a major cluster and a slight outlier in the freshwater and 21st century group. Overall, some patterns suggest differences in age cohort in gene expression, though this pattern is only seen in the few root tissues. In addition, the response to salinity treatment is not uniform, with some overlap in gene expression by treatment. Overall, the importance of tissue underlies the greatest amount of variance, followed by treatment. Based on ordination the patterns in gene expression do not group based on age cohort with the exception of root tissue. 
[bookmark: _Toc57401211]Differential gene expression analyses and annotation
Overall, the DEG analysis showed that 8420 genes (32% of reads above counts of zero) were differentially expressed at a p-value of <0.05 when plants were grown with higher salinity. Examining log-fold change across comparisons, I see that tissue demonstrates the greatest differences in expression levels (Figure 18, Table 12). Treatment (salt vs. fresh) contrast results in much fewer genes being differentially expressed (Figure 18, Table 12). Finally, the contrast between 20th and 21st century demonstrates the smallest differences in log2fold gene expression. The heat map of differential gene expression depicts differences in log2fold change with significant differential gene expression (Figure 19). The log2fold changes were fairly low in magnitude. Some of the uniquely DEGs included many associated with cellular organization and photosynthesis. Also of note, a heat shock protein and senescence associated kinases were down regulated most pronouncedly when comparing 20th to 21st century (Figure 19). 
Approximately 90% of the genes were not annotated, making it impossible to determine the functional characteristics of every gene that evolved differential expression. However, the genes that were differentially expressed based on DESeq2 analysis, were primarily categorized into MapMan annotation terms related to metabolism (Figure 20). Overall, the significant genes between root and stem tissue have the highest concentration of annotated genes. Several gene ontology (GO) categories contained higher numbers of differentially expressed genes across groups: solute transport, RNA production and biosynthesis (RNAprodbiosyn), metabolism, and enzyme classification (Figure 20). 
[bookmark: _Toc57401212]Discussion
The value of examining gene expression is based, in part, on the fact that it can precede morphological divergence (King and Wilson 1975), and further, that evolution of gene regulation can relate to rapid adaptation in response to change in environment. In this case, the evidence for the occurrence of rapid evolution was limited but did demonstrate some weak signal indicative that gene expression responses to salinity may have shifted between the 20th and 21st century cohorts. This is the first study of gene expression in this foundational marsh sedge and there are several key insights into next steps and general understanding of molecular level response to salinity in S. americanus. 
[bookmark: _Toc57401213]Caveats
The annotation rate for these sequences was extremely low (92% unannotated). This was due to insufficient matches in the existing repository of Mercator MapMan sequences. Low annotation is likely attributable to low quality or low yield RNA extractions of my samples. Thus, these results should be interpreted as preliminary. However, the findings presented above for the annotated genes had high match rates and demonstrate comprehensible biological patterns. Another consideration when working with RNA data is tissue and developmental stage of organisms of interest can differ in expression levels because of slightly different sampling time (Hodgins-Davis and Townsend 2009; De Meyer et al. 2017), though my samples were all taken within an hour of one another. In addition, there are only two points in time being compared in this study, 20th century and 21st century. These points do not represent a true gradient through time and thus any shifts should not be assumed to be directional without additional sampling. Considering this, I recommend future studies leveraging resurrection ecology incorporate multiple time points to establish a more complete temporal gradient. 
[bookmark: _Toc57401214]Differential gene expression, change over time, and salinity
Differences in gene expression were more pronounced based on tissue and treatment rather than age cohort. This can be due to flawed sequence quality and unequal sampling. However, there are biological explanations that suggest this finding makes sense. First, evolution over the course of just a century in a perennial plant is logically expected to result in a smaller signal relative to that of differences of exposure to salt and between tissues (Karan and Subudhi 2012; Freedman et al. 2019). Further, though I had predicted there would be a stronger signal based on age cohort, the findings of some differences suggest shifts over time to accommodate salinity stress may indeed have occurred and that the changes are incremental as major shifts in salinity tolerance could be maladaptive. Salinity in the Chesapeake Bay fluctuates across seasons and with precipitation events – thus it is a stochastic environmental condition that requires S. americanus to tolerate a broad range of salinity exposure (Hong and Shen 2012; Rice et al. 2012). The lack of a strong signal in response to age and treatment relative to tissue type may also be a function of the type of RNA sequencing used here. Messenger RNA sequencing is a useful tool for detecting changes in coding sequences (Kukurba and Montgomery 2015). However, other studies examining exclusively microRNAs (Jannesar et al. 2020; Kelley et al. 2020) as well as small non-coding RNAs (Repoila et al. 2003) demonstrate that these previously understudied molecules also play important roles in facilitating evolutionary change. 

In addition, the pattern in belowground tissues suggests that some amount of differential gene expression may have occurred, though a larger sample size would better characterize this pattern. Root gene expression may demonstrate the greatest responses to salinity, as models like Arabidopsis demonstrate differential expression of sodium potassium pumps associated with salinity tolerance (Rus et al. 2006). However, Spartina alterniflora, a halophytic species, expresses genes that confer tolerance to salinity in stem and root tissue (Karan and Subudhi 2014). Thus, my results suggest additional examination of root tissue to better characterize shifts in S. americanus root gene expression is warranted. 
[bookmark: _Toc57401215]Annotations and response to salinity 
There was a significant lack of annotations for sequences recovered in this study, including those that were differentially expressed across treatment, tissue, and century. However,  genes that did demonstrate differences based on age cohort could suggest shifts in how S. americanus copes with salinity. First, there were several genes related to photosynthate and glycolysis that were differentially expressed across the three comparisons. In similar studies in the invasive reed Phragmites australis, increased expression of genes related to photosynthesis was linked to improved aboveground productivity under salinity stress (Eller et al. 2014). In addition, the up-regulated heat shock protein for all three comparisons could indicate a general stress response in S. americanus. For example, S alterniflora expresses a small nucleotide-binding protein that plays a role in intracellular protein trafficking that is known to confer salinity tolerance in transgenic Arabidopsis (Karan and Subudhi 2014). These proteins are associated with tolerance of a broad range of stressors, including drought and heat, in other species. In addition, another differentially expressed gene was associated with redox homeostasis and hydrogen peroxide removal (Figure 4). Hydrogen peroxide is a reactive oxygen species by-product of oxidative stress that causes the disruption of cellular homeostasis (Lu et al. 2006). In Ulva fasciata, a green algae, Gossypium (cotton), chickpeas, and pea plants, regulation of hydrogen peroxide and antioxidant action is associated with salinity stress tolerance and improves survival (Gossett et al. 1994; Hernández et al. 1999; Hernández-Nistal et al. 2002; Lu et al. 2006). Thus, this may be a possible mechanism employed by S. americanus to cope with salinity stress. 
Overall, though, the annotations were not numerous, those that were annotated suggest that S. americanus may leverage a suite of genomic alterations to cope with salinity stress. 
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[bookmark: _Toc61470714]Figure 18: Graph of log fold changes in gene expression (x-axis) versus number of genes with significant expression change (y-axis) based on three contrasts, Century, Tissue, and Treatment. The largest differences occurred between tissue types, the second largest related to treatment and the smallest were related to century contrasts. 

















[bookmark: _Toc61470715]Table 12: gene expression counts and percentage of genes with log-fold change greater than 0
	
	Century contrasts
	Treatment contrasts
	Tissue contrasts

	LFC > 0 (up)
	124, 0.48%
	447, 1.7%
	5481, 21%

	LFC < 0 (down)
	161, 0.63%
	395, 1.5%
	4267, 17%

	outliers
	0, 0%
	0, 0%
	0, 0%

	low counts
	4190, 16%
	5237, 20%
	3142, 12%


Table of counts and percentage of genes with log fold change of greater than or less than 0 taken from out of 25666 with nonzero total read counts. The adjusted p-value cutoff was < 0.1. Low counts are labelled as such if the mean count < 4 (Century), <8 (Treatment), <1 (Tissue).
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[bookmark: _Toc61470716]Figure 19: Heat map of gene expression by tissue, age group, and treatment
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[bookmark: _Toc61470717]Figure 20: Log2 fold change of genes grouped by functional bin 





[image: ] Protein syn/mod

[image: ]
Figure 20 continued
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Figure 20 continued: Plots of log2fold change differences by adjusted p-value based on the contrasts of the (Left) 20th century vs. 21st century (Middle) change from root to stem and (Right) change from fresh to salt treatments. The Genome Ontology terms are along the y-axis to the right. Each dot represents a gene, colored light blue for positive log2fold change and dark blue for negative log2fold change. 




















Table S1: RNAseq samples and pairing across treatment
	
	Freshwater sample
	Salt stressed sample

	
	FC4AS1
	SC4AS1

	
	FC4AS11
	SC4AS11

	
	FC4AS2
	SC4AS2

	Descendant Stem Samples
	FC4AS3
	SC4AS3

	
	FC4AS4
	 --

	
	FC4AS5
	 --

	
	FC4AS6
	 --

	
	FC4AS8
	 --

	Descendant Root Samples
	FC4AS1R
	 --

	
	FC4AS3R
	SC4AS3R

	
	FC4BH11
	SC4BH11

	
	FC4BH6
	 --

	
	FC4BH9
	 --

	
	FC4BI3
	SC4BI3

	Ancestral Stem Samples
	FC4BI5
	 --

	
	FC4BI6
	 --

	
	FC4BI7
	 --

	
	FC4BI8
	 --

	
	 --
	SC4AS7

	
	 --
	SC4BH16

	Ancestral Root Samples
	FC4BI3R
	SC4BI3R

	
	FC4BH11R
	SC4BH11R
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Here I used resurrection ecology to study historical evolution in the foundational coastal marsh sedge Schoenoplectus americanus. In Chapter 1, I assessed the utility and reliability of the S. americanus seed bank as a resource for understanding historical change. I demonstrated that the seed bank could be sampled reliably with preserved sedimentary layers, and that the seeds recovered exhibited comparable genetic diversity relative to other age cohorts within the soil core and compared with extant S. americanus across its geographic range. In addition, microsatellite genotyping revealed that S. americanus showed a shift in genotypic makeup from the older age cohort to the younger, suggesting evolutionary change occurred in the foundational sedge over just 100 years. 
In Chapter 2, I found somewhat contrasting evidence to that in Chapter 1. Based on whole genome ddRAD sequencing and calling of SNPs in both coding and neutral regions of the genome, I was able to reconstruct genomic variation across marshes in the Chesapeake Bay and across time at each sampled site. Based on this work, which was based on relatively few SNPs, there were strong patterns of genomic clustering by geographic location. Despite this, estimated Fst values were relatively low, suggesting that though genomic clusters could be identified on the based on geographic distance, there is still ample gene flow across populations. In addition, overall heterozygosity was low for all age cohorts and provenances. This finding may prove important as higher levels of genomic diversity are generally associated with improved population-level fitness in the face of selection and drift events. Further, only two of the populations demonstrated patterns of differentiation over time suggestive of possible evolutionary change. Blackwater and Corn Island showed a transition of genomic cluster from oldest to youngest. In addition, they exhibited the highest amount of spread in ordination analyses. Overall, it appears that shifts over time are tied to local conditions, varying by marsh even when marshes are located relatively close together. 
In Chapter 3, I examined two age cohorts differing in age by approximately 100 years and their response to simulated sea level rise and competition. This chapter asked if there were detectable differences in how S. americanus was responding to increased salt and inundation with and without a co-occurring species as salinity and sea level rise have both increased in the Chesapeake Bay over the past 100 years. Overall, the suite of phenotypic traits did not differ significantly by age cohort. Rather the effect of treatment was much stronger than any signal related to evolutionary shift. However, two of the traits demonstrated importance of age cohort when controlling for genotype ID, suggesting that it is possible for small evolutionary changes to have occurred. Furthermore, there were clear indications that predicted sea level rise would greatly reduce productivity in S. americanus. However, when planted with a competitor, evidence for facilitation was seen, wherein S. americanus exhibited higher stem density when planted with a competitor. This could have significant implications on an ecosystem scale as stem density is a trait known to positively affect a plant’s capacity to trap sediment and improve accretion rates. In addition, I found that 21st century plants exhibited a contraction in the expression of trait variance relative to 20th century plants when exposed to stress. This finding could suggest that the Corn Island genotypes, there was an evolutionary shift in plasticity over time – as opposed to direct adaptation -  in response to salinity (and sea level rise). 
In Chapter 4, I dug into this response by examining differential gene expression and annotation of genes expressed in S. americanus from Corn Island when exposed to high salinity. I found that, like in Chapter 3, gene expression differed based on tissue sampled and treatment, with only a weak signature of age cohort. However, I did observe shifts in log-fold change between the age cohorts, which supports the idea that either plasticity or evolution may have occurred in the past century. In addition, some of the annotated genes indicate that S. americanus may cope with salinity by increasing photosynthetic capacity and augmenting antioxidant activity, responses seen in other plant species. 
Overall, there was subtle, nuanced evidence that S. americanus may have responded to sea level rise and other stressors via evolutionary change in the past century. Although I had predicted that changes through time would be larger, interpreting the small changes observed in this work is in keeping with the idea that rapid or microevolution is ubiquitous and often incremental (Carroll et al. 2007; Messer et al. 2016). It appears likely that S. americanus has shifted in its response and capacity to respond to corollaries of sea level rise in the past century. These implications should be more fully explored along a true temporal gradient (i.e., a greater number of age cohorts) and include greater replication per age cohort to ensure single genotypes do not bias outcomes. Finally, I found that the impacts of sea level rise are powerfully negative and that S. americanus faces potential extirpation in the worst projected sea level rise scenarios. My findings provide several take-home messages for future work in and management of this system regarding the stability of marsh ecosystems worldwide. 
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