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¢ Predicting the fate of coastal marshes requires understanding how plants respond to rapid
environmental change. Environmental change can elicit shifts in trait variation attributable to
phenotypic plasticity and act as selective agents to shift trait means, resulting in rapid evolu-
tion. Comparably, less is known about the potential for responses to reflect the evolution of
trait plasticity.

e Here, we assessed the relative magnitude of eco-evolutionary responses to interacting glo-
bal change factors using a multifactorial experiment. We exposed replicates of 32 Schoeno-
plectus americanus genotypes ‘resurrected’ from century-long, soil-stored seed banks to
ambient or elevated CO,, varying levels of inundation, and the presence of a competing
marsh grass, across two sites with different salinities.

e Comparisons of responses to global change factors among age cohorts and across prove-
nances indicated that plasticity has evolved in five of the seven traits measured. Accounting
for evolutionary factors (i.e. evolution and sources of heritable variation) in statistical models
explained an additional 9-31% of trait variation.

e Our findings indicate that evolutionary factors mediate ecological responses to environ-
mental change. The magnitude of evolutionary change in plant traits over the last century
suggests that evolution could play a role in pacing future ecosystem response to environmen-
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tal change.

Introduction

Predicting the fate of Earth’s ecosystems in the Anthropocene
requires understanding how organisms respond to rapid, global
environmental change. This is especially true for foundational
plant species that can alter elemental cycling and ecosystem func-
tioning (Chapin, 2003; Kell, 2011; Monroe ¢t al., 2018), where
even small shifts in traits might result in meaningful outcomes
(Wild er al, 2011; Emery et al., 2015; Mozdzer ez al., 2022).
There has been appreciable effort to integrate trait responses into
predictive ecosystem models but, thus far, most attention has
focused on investigating plastic or ‘ecological’ responses of plants
to global change factors (e.g. Maire ez al, 2013; Ayata et al.,
2014; Mastrotheodoros et al., 2017). It is far less common to
integrate phenotypic evolution into predictive models, despite
increasing evidence that rapid evolutionary responses (i.e. evolu-
tion on ‘ecologically relevant’ timescales) can be an important
driver of ecosystem change (e.g. Hairston er al, 2005; Franks
et al., 2014; Geerts ez al., 2015; Valencia-Montoya et al., 2021;
Mozdzer et al., 2022; Vahsen et al., 2023).

Although understudied in an ecosystem-level context, evolu-
tionary factors (i.e. evolution and sources of heritable variation)
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can play important roles in regulating trait-mediated ecosystem
outcomes of global environmental change. For example, it has
been shown that heritable trait variation in coastal marsh plants
can influence the accumulation of soil organic matter (Seliskar
et al., 2002), soil microbial community composition (Lumibao
et al., 2020, 2022), and shoreline erosion (Bernik ez al, 2018).
Similarly, Avolio ez al. (2015) showed that genomic dissimilarity
of native tallgrass prairie grass populations influence ecosystem
resilience to plant invasion, and Schweitzer ez /. (2008, 2011)
have demonstrated that the influence of genetic variation in
Populus trees on soil microbial decomposition can give rise to
eco-evolutionary feedbacks. These and other findings point to
the possibility that generational shifts in heritable trait variation
can potentially alter ecosystem processes (Monroe ez al., 2018;
Barton et al., 2020).

Interest in the ecological importance of evolution has also been
motivated by evidence that rapid environmental change can elicit
evolutionary responses in plants capable of transforming ecosys-
tems (Blum ez al, 2021; Mozdzer et al., 2022). Avolio et al.
(2013), for example, demonstrated that the genetic composition
of tallgrass populations can rapidly shift in response to altered
precipitation regimes. Similarly, Mozdzer e al (2022)
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demonstrated that even a brief period of exposure to elevated
nitrogen and CO, can shift genotypic variation in populations of
Phragmites australis marsh grasses. Several mesocosm and field-
scale experiments also have demonstrated that exposure to global
change pressures can elicit shifts in the variation of heritable traits
that influence ecosystem processes (e.g. Grossman & Rice, 2014;
Garcia-Carreras et al., 2018; Blum ez al., 2021). However, while
these studies show that genotypic variation can shift rapidly in
response to global change, they do not explicitly link genotypic
variation to ecosystem function. Only a handful of studies have
explicitly examined whether and how evolutionary responses to
environmental change can alter ecosystem attributes (e.g. Barton
et al., 2020; Vahsen et al., 2023).

Coastal marsh ecosystems present exceptional conditions to
discover and describe ecosystem outcomes of phenotypic evolu-
tion. Plant assemblages in coastal marshes are naturally depaupe-
rate in species diversity, which increases the potential ecological
significance of heritable trait variation within dominant species
(Reusch & Hughes, 2006). Furthermore, many dominant marsh
plants influence vital ecosystem services (Fagherazzi et al., 2012;
Kirwan & Megonigal, 2013). For example, plants contribute to
carbon accumulation in marsh soils through the production of
belowground biomass. Carbon sequestration in coastal marshes —
often referred to as ‘blue carbon’- constitutes a globally signifi-
cant sink that offsets rapidly increasing atmospheric CO,. Plants
also regulate accretion (i.e. the building of marsh surface eleva-
tion) by influencing sediment deposition and subsurface expan-
sion, which has historically allowed marshes to keep pace with
sea-level rise (Kirwan & Megonigal, 2013). Notably, decades of
research on coastal marsh plant responses to global change has
yielded a rich baseline of information on organismal-to-
ecosystem responses to global change that can be leveraged to
guide further study (e.g. Cherry ez al., 2009; Langley ez al., 2009,
2013; Drake, 2014; Watson et al., 2015; Mozdzer ez al., 2016;
Wigand et al., 2016; Lu et al., 2019; Noyce et al., 2019). Prior
work has shown, for example, that interactions between global
change factors (e.g. Deegan er al, 2007; Cherry et al, 2009;
Langley et al., 2013; Drake, 2014; Watson ez al., 2016) can elicit
context-dependent trait change and that plant trait change can
regulate marsh ecosystem functioning and persistence (Lu
et al., 2019; Blum et al.,, 2021; Vahsen et al., 2023). Finally, there
are mathematical models of marsh accretion and carbon accumu-
lation that could serve as scaffolds to understand and quantify
how evolutionary responses of plants to global change (e.g. sea-
level rise, elevated CO,) give rise to ecosystem-level change (e.g.
Rietl ez al., 2021; Vahsen ez al., 2023).

Structuring predictive models to account for phenotypic evo-
lution could deliver more accurate and precise forecasts of ecosys-
tem functioning under possible global change scenarios. Doing
so addresses simplified and possibly erroneous assumptions about
how plants (and emergent ecosystem functioning) respond to
global change (Vahsen ez al., 2023). Models might be improved
by accounting for selection that shifts mean trait values and expo-
sure to global change factors that prompts the evolution of trait
plasticity, constituting population-level shifts in G X E interac-
tions (Bradshaw, 1965; Schlichting, 1986). Constructing and
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parameterizing representative eco-evolutionary models will
require further understanding of how trait evolution proceeds,
accounting for the likely possibility that responses reflect pres-
sures imposed by multiple, interacting global change factors
(Matesanz et al., 2010).

Here, we sought to address these knowledge gaps (Fig. 1) by
conducting a mesocosm experiment with genotypes of the coastal
marsh sedge Schoenoplectus americanus resurrected from soil cores
constituting ancestral (¢. 1895-1947) and descendant (c. 2003—
2016) age cohorts (Summers ez al., 2018). We exposed the geno-
types to varying amounts of inundation (range=50cm) and
either ambient (420 ppm) or elevated (700 ppm) atmospheric
CO; at two sites that varied in salinity (4 ppt vs 6 ppt) to under-
stand the extent to which differences in trait expression are attri-
butable to evolutionary responses of trait means and plasticity
(Fig. lc,d). We also grew S. americanus in the presence
and absence of a competitor, Spartina patens, to elucidate
how community-level interactions might alter eco-evolutionary
responses of S. americanus to environmental pressures. Consider-
ing evidence that populations of S. americanus can rapidly evolve
over the course of a century or less (Summers ez al., 2018; Blum
et al., 2021; Vahsen er al., 2023; Fig. 1¢c), we hypothesized that
accounting for evolutionary factors would improve statistical
models describing trait-based responses of S. americanus to global
change factors (Fig. 1c—f). This hypothesis builds from the null
expectation that S. americanus responses to global change factors
are purely a manifestation of phenotypic plasticity (i.e. ecological
responses), as is currently reflected in widely used simulation
models designed to forecast the state and fate of marsh ecosys-
tems under global change scenarios (Fig. 1a,b).

To test this broad hypothesis, we purposefully exposed plants
to global change factors at levels similar to previous studies inves-
tigating how environmental factors mediate plant trait variation
(e.g. near doubling of atmospheric CO, sensu Drake, 2014; inun-
dation intervals similar to other mesocosm studies sensu Langley
et al., 2013). Thus, our a priori expectations were that the
manipulated environmental variables would predictably influence
trait variation in ways supported by the literature because we
chose levels for those variables that were known to have a measur-
able effect. We introduced evolutionary factors to test whether
evolution might modify these relationships in predictable (e.g.
descendant genotypes consistently performed better under sce-
narios that reflected greater flooding or elevated atmospheric
CO,) or unpredictable ways.

Materials and Methods

Study system

Schoenoplectus americanus (Pers.) Volkart ex Schinz & R. Keller is
an ecologically dominant sedge in coastal marshes in the Chesa-
peake Bay. Prior work has demonstrated that S. americanus exhi-
bits shifts in functional traits in response to global change factors
including elevated CO,, inundation, and salinity as well as in the
presence of interspecific competitors such as S. patens (Arp
et al., 1993; Cherry et al., 2009; Langley er al, 2009, 2013;
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Salt marsh plant eco-evolutionary
responses to climate change

Fig. 1 Potential eco-evolutionary responses
of salt marsh plants to climate change. (a)
'Eco’: plant traits shift as a plastic function of
exposure to one global change factor (e.g.
greater inundation, elevated atmospheric
CO.). Genetic variation does not contribute
to observed trait variation. (b) ‘Eco-eco’: an
extension of ‘eco’ responses, where the
effect of one global change factor on plant
traits depends on the level of another global
change factor. (c) ‘Evo’: plant traits have
evolved, where the mean trait values are
different between ancestral and descendant
populations when plants are grown in a
common environment. (d) ‘Eco-evo':
variation in response to a global change
factor has evolved over time, known as
‘evolution of phenotypic plasticity’, where
plasticity (i.e. slope of the line) is a trait
capable of evolving. (e) ‘Genetic variation":
traits vary among plant genotypes. The
Gaussian curve represents the distribution of
trait values for a group of genotypes (with
each genotype as a dashed line) within the
same cohort. In a mixed effects statistical
model of a plant trait, we can characterize
G2genotype which is the between-genotype
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Drake, 2014; Lu et al.,, 2019; Noyce et al., 2019). This work has
increased our understanding of how plant traits have shifted over
time and provided insights about how traits will shift under pre-
dicted global scenarios of increased atmospheric CO,, as well as
local increases in sea-level and accompanying shifts in salinity
and inundation in the Chesapeake Bay (Hong & Shen, 2012;
Rice et al., 20125 Ross et al., 2021). S. americanus reproduces
asexually via vegetative tillering and sexually via seed production,
the frequency of which correlates with environmental conditions
(Ikegami et al., 2007). S. americanus produces highly durable
seeds that can be germinated (i.e. ‘resurrected’) from persistent
soil-stored seed banks after over a century of burial under tidally
induced sediment deposition. Genotypes that are representative
of time-stratified seed depth cohorts can then be propagated into
replicate clones for experiments designed to address questions
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about rapid evolution of ecologically relevant plant traits (Sum-
mers et al., 2018; Vahsen ez al., 2021).

Genotype acquisition

The 32 genotypes used in this experiment were plants ‘resur-
rected’ from seeds that were sieved from soil cores collected from
two locations — Kirkpatrick Marsh and Corn Island — ¢ 500 m
apart on the Rhode River of the Chesapeake Bay between 2003
and 2017 (Fig. 2a; Supporting Information Table S1). Although
these sites are regionally proximate, our previous analyses of
genetic variation measured according to microsatellite loci (Sum-
mers et al., 2018) and genomic variation measured according to
SNP loci (Vahsen et al., 2023) suggest that there is considerable
differentiation between S. americanus populations at these (and
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Fig. 2 Visual representation of (a) sourcing and preparing clonal propagules of Schoenoplectus americanus genotypes from ancestral and descendant
cohorts for (b) use in the mesocosm experiment. (a) Soil cores were extracted from Kirkpatrick Marsh (dark purple) and Corn Island (light purple) marshes
within the Rhode River estuary of the Chesapeake Bay; both marshes are located at the Smithsonian Environmental Research Center (Edgewater, MD,
USA). Seeds were sieved from time-stratified layers of soil cores and grouped by age cohort (ancestral = pink, descendant = red), corresponding to soil
depth from the marsh surface. After seeds were germinated, resulting plants were cloned to create replicates of each genotype for use in the mesocosm
experiment. Half of the clones of each genotype from Corn Island were introduced into the mesocosm experiment alongside a competitor, Spartina patens,
and half were introduced without a competitor. Due to limitations in the number of available genotypes and clones, all Kirkpatrick Marsh genotypes were
introduced into the experiment without a competitor. (b) Mesocosms were constructed at two sites that differ in prevailing salinity conditions (bottom left);

however, plants also experienced differing levels of dissolved nitrogen (bottom left) and dissolved phosphorus (bottom left) which may have influenced
their relative growth. At each site, there were seven chambers, three with elevated atmospheric CO, conditions (700 ppm), and four with ambient CO,
conditions (420 ppm). All plants were grown in peat-filled PVC pipes resting in racks within the chambers at six elevations differing by c. 10 cm (bottom
right), varying the amount of inundation plants experienced over the course of the growing season (top right).

other nearby) sites. Seeds were wet-sieved and germinated in
Conviron growth chambers (Vahsen ez 4/., 2021) and then main-
tained in pots containing a mixture of sand and potting soil
(Fig. 2a). We estimated the age of seeds using a calibrated
equation (Vahsen ez 2/, 2021) based on 210ph and '*7Cs dates of
three soil cores collected from Kirkpatrick Marsh. We grouped
seeds into two age cohorts based on estimated ages (i.e. the mean
approximated year each seed was likely deposited in the sediment;
Table S1): ancestral genotypes (estimated year range: 1895—
1947) and descendant genotypes (estimated year range: 2003—
2016). The time horizon separating the ancestral and descendant
genotypes is concurrent with a period of considerable environ-
mental change, with increased global atmospheric CO, as well as
increases in sea-level and accompanying pressures from inunda-
tion and salinity in the Chesapeake Bay (Hilton ez al, 2008).
The terms ‘ancestral’ and ‘descendant’ are based on genetic evi-
dence that late 20" century S. americanus populations are des-
cended from early 20" century S. americanus populations in
Kirkpatrick Marsh (Summers ez al, 2018). This and other
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previous work (Vahsen ez al., 2023) report genetic variation does
not decline with seed depth (i.e. genetic variation is similar in
descendant and ancestral cohorts); however, further work may be
warranted to fully exclude the possibility of selective pressures
acting on soil-stored seed archives (Weis, 2018).

Clones of the 32 genotypes were maintained in glasshouses at
the University of Notre Dame (ND) or the University of Tennes-
see, Knoxville (UTK) before the study, which was conducted at
the Smithsonian Environmental Research Center (SERC; Edge-
water, MD, USA). Before deployment, we clipped the stems to
5 cm in length and recorded the initial wet weight of all clones.
We then acclimated the clones to 5 ppt salinity (Instant Ocean)
for 2 wk to reduce planting stress. We included ‘laboratory ori-
gin’ as a categorical covariate (2 levels; ND vs UTK) in our statis-
tical models (described below) to account for any potential
maternal/carryover effects due to differences in initial rearing
conditions. Finally, while we made considerable efforts to reduce
possible impacts of maternal effects, our study design does not
fully eliminate the possibility that observable trait variation could
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have been shaped by maternal effects (or other factors like epige-
netic variation). We nonetheless contend that possible effects
would not change the substance of our key findings or inferences.

Mesocosm experiment

We employed a now common ‘marsh organ’ experimental
design (sensu Morris, 2007) that allowed us to assess plant
responses to realistic tidal conditions. This involved use of
PVC pots balanced on racks securely anchored in a tidal creek
(Fig. 2b). Each rack in the tidal creek was composed of six ele-
vation levels (8 pots per level X 6 levels =48 pots per rack),
thereby manipulating the amount of inundation that the plants
experienced (Fig. 2b). This design allowed us to simulate past,
present, and future rates of sea-level rise by varying the eleva-
tion in 10 cm increments for a total range of 50 cm difference
in elevation. Past rates of relative sea-level rise in Chesapeake
Bay were perhaps 1 mm yr~'; present rates are ¢. 3.4 mmyr ',
and rates are rapidly accelerating (Ohenhen ez al, 2023).
Assuming an average rate of relative sea-level rise of 5 mmyr ',
the 50 cm range represents ¢. 100 yr of change encompassing
ancestral, descendant, and future cohorts of S. americanus.
Because S. americanus plant traits can be highly sensitive to
centimeter-scale fluctuations in flooding (Morris ez al., 2002),
we used a real-time kinematic (RTK) GPS to get near-exact ele-
vations (standard error ¢. 1 cm) of each rack to provide a more
accurate estimate of inundation, measured relative to the North
American Vertical Datum of 1988 (NAVDS88). Thus, inunda-
tion is represented by the continuous variable of elevation in
our statistical models, where low elevation values represent high
inundation and high elevation values represent low inundation.

We installed a set of seven racks at two sites at SERC. One site
was in a tidal creek that drains Kirkpatrick Marsh into the Rhode
River estuary, and the other site was 1.6 km upstream on Muddy
Creek (Fig. 2a map; Fig. 2b left). The two sites differ in salinity
and were chosen to simulate near-future sea-level rise-driven effects
on salinity and its interactions with other global change factors.
Accordingly, we measured near-continuous salinity data from a
HOBO logger installed at each site (Fig. 2b, left). The range we
used for salinity was thus constrained by the characteristics of avail-
able study sites and was also subject to interannual variation in pre-
cipitation. There was a 2 ppt difference in salinity on average
between the sites, which is about one-third of the interannual varia-
tion in salinity at the brackish site (Zhu e @/, 2022). While salinity
is generally increasing in the Chesapeake Bay, it is not monotonic
and often relatively slow because higher salinity from rising sea
levels can be offset by higher precipitation in this estuarine system.
In fact, there is no trend in mean annual growing season salinity at
our study site from 1985 to 2020 (Zhu et al., 2022). To character-
ize other site-level conditions that might contribute to trait varia-
tion, we also measured total phosphorus, dissolved phosphorus,
and dissolved nitrogen (ammonium + ammonia + nitrate + nitrite)
in the surface water at each site 10 times and particulate nitrogen
and carbon five times over the course of the experiment (Figs 2b,
S1). Although there were some differences in dissolved nitrogen
between the sites, previous work suggests that in similar coastal
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marsh ecosystems, plant nitrogen demand is generally met via
internal nitrogen cycling driven by microbial mineralization rather
than external inputs of nitrogen from surface water (Neubauer
et al., 2005; Megonigal & Neubauer, 2019; Tobias & Neu-
bauer, 2019).

Each rack was covered with a floating open-top chamber made
of a PVC frame with the sides wrapped in translucent cellophane
film (details in Langley er 4/, 2013) that allowed us to manipu-
late the atmospheric CO, concentration (Fig. 2b, left). Specifi-
cally, we raised the CO, concentration to 700 ppm to simulate
global concentrations that are likely to occur between 2060 and
2100 (Cheng ez al., 2022). At each site, three of the seven cham-
bers maintained atmospheric CO, at ¢. 700 ppm via the continu-
ous injection of CO, gas, which was circulated in the air using
blowers within the chamber. The other four chambers main-
tained atmospheric CO, at ambient concentrations (c. 420 ppm),
while also having air circulated using blowers within the cham-
ber. The blowers introduced air with ambient or elevated CO, at
the bottom of the floating chamber (sealed by the water surface),
which rose slowly out of the open top past the plants (Langley
etal., 2013).

We planted S. americanus clones in a stratified random design
across racks and environmental treatments, focusing on replica-
tion at the age cohort and provenance level (e.g. Corn Island
ancestral vs Kirkpatrick Marsh descendant). A subset of the
clones (239 out of 620 total; all from Corn Island) were grown
alongside a standardized clone of S. patens (Fig. 2a) to determine
whether the presence of a competitor mediates ecological and
evolutionary responses of S. americanus to global change factors.
We did not have sufficient clonal replication of genotypes from
Kirkpatrick Marsh, so we only manipulated competition for
Corn Island genotypes (Fig. 2a). Pots with both S. americanus
and S. patens were randomized among and within racks and
across inundation levels, and within each age and provenance
cohort, genotypes were randomized across treatment combina-
tions such that each genotype was exposed to roughly one half of
the possible environmental treatment combinations.

We placed the 72 cm tall PVC pots filled with Baccto reed
sedge peat into the frames before planting to allow the peat to
naturally compress over multiple tidal cycles. We planted each
S. americanus clone from 12-17 June 2019, into a PVC pot. One
week after planting in the mesocosm, we replaced some propa-
gules (7= 84) that failed to establish with extra propagules that
were maintained in a growth chamber, keeping age cohort and
provenance consistent (see Table S2 for final distribution). We
planted S. patens propagules at the same time as the S. americanus
propagules, following a similar schedule of replacement for those
that failed to establish (»=12). For analysis of S. americanus
traits (detailed below), we included a categorical covariate (3
levels) of ‘cloning group’ to account for variation in traits due to
differences in the date the clones were clipped for planting.

Functional traits

We measured the following traits of S. americanus at the end of
the experiment during the week of 6-11 October 2019:
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aboveground biomass, belowground biomass, root-to-shoot ratio,
mean stem height, mean stem width, stem density, and root
depth distribution. We chose these traits because they are linked
to well-known ecosystem processes that govern plant-geomorphic
feedbacks on elevation and inundation, and ultimately tidal
marsh resilience to accelerated sea-level rise. Plant biomass alloca-
tion influences subsurface expansion, carbon accumulation, and
sediment deposition (Kirwan & Megonigal, 2013). The distribu-
tion of belowground biomass in the soil column by depth can
influence decomposition rates via ‘priming’ as well as nitrogen
mineralization rates (Wolf ez al., 2007; Bernal ez al., 2017; Noyce
et al., 2022). Sediment deposition is also a function of stem mor-
phology, as stems directly capture sediment and slow down tidal
flux, which allows sediment to settle out of the water column
(Mudd et al., 2010; Lu et al., 2019).

For each experimental unit (i.e. PVC pot), we measured the
height and width of each live S. americanus stem and recorded
the total live stem density, and then harvested live and dead
aboveground biomass at the surface of the soil. We weighed total
aboveground biomass by species after drying at 60°C to constant
mass. We stored soil cores containing belowground biomass at
—20°C to preserve roots and rhizomes until the material could
be processed. We cut thawed cores into three sections (0-10 cm,
10-20 cm, and 20 cm—end) and sieved each section using a
power washer over a 6.35 mm (1/4 inch) sieve frame. We consid-
ered all biomass sieved from the pots to be belowground biomass
— roots, rhizomes, and bases of stems — as stem bases can contri-
bute substantially to subsurface accretion (Cherry et al., 2009).

For experimental units that contained only S. americanus, we cal-
culated the root-to-shoot ratio as the ratio of total belowground
biomass (roots, rhizomes, and stem bases) to total aboveground bio-
mass (live and dead). To characterize the shape of the root depth
distribution (i.e. how S. americanus belowground biomass is distrib-
uted proportionally across soil depth), we calculated a root depth
distribution parameter, §, using the equation y; = 1—p%, where ¥;
is the cumulative proportion of biomass calculated from the top of
the soil core at the marsh surface to a depth below the marsh sur-
face, d; (Gale & Grigal, 1987; Mozdzer et al, 2016; Vahsen
et al, 2023). We used the function ‘nls()’ (R, v.4.1.2; R Core
Team, 2021) to fit the nonlinear model and to extract the para-
meter estimate of /3 for each pot (for 7 from 1 to 224). For subse-
quent analyses, we considered the fitted value of § to be a trait,
which excludes estimation uncertainty.

Statistical analysis

We conducted all statistical analyses in the computational lan-
guage R (v.4.1.2; R Core Team, 2021). We fit (generalized) lin-
ear mixed models to S. americanus survival and trait data (i.e. all
replicates that survived) to assess whether and to what extent eco-
logical and evolutionary factors (and interactions thereof)
explained observed trait variation. To interpret the relative effect
of ecological and evolutionary factors in explaining survival and
trait variation, we grouped predictor variables in the statistical
models into categories that align with those depicted in Fig. 1,
such that the main effect of an individual, manipulated
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environmental variable (i.e. inundation, CO, treatment, site sali-
nity, and competition treatment) was an ‘eco’ effect (evidence of
plasticity; Fig. la), the effect of an interaction between two or
more of these environmental variables was an ‘eco-eco’ effect (evi-
dence of conditional phenotypic plasticity; Fig. 1b), the main
effect of age cohort or provenance was an ‘evo effect’ (evidence of
temporal or spatial evolution; Fig. 1c), and the effect of an inter-
action between age cohort or provenance and one or more of the
manipulated environmental variables was an ‘eco-evo’ effect (evi-
dence of evolution of plasticity across time or space; Fig. 1d). We
used random intercepts and slopes to account for genetic varia-
tion due to genotype (Fig. le) and genotype-by-environment
interactions (Fig. 1f), respectively (detailed below). Given that we
purposefully chose levels of environmental variables that should
elicit effects on plant traits based on previous coastal marsh plant
global change experiments, we expected that ‘eco’ (and poten-
tially ‘eco-eco’ factors) would explain considerable variation in
plant traits.

Because we applied the competition treatment for only Corn
Island genotypes, competition and provenance covaried (i.e.
Kirkpatrick Marsh genotypes were not subjected to competition;
Fig. 2a). Thus, we fit models on two different subsets of the sur-
vival and trait data: one that included all experimental units that
did not have competition (survival: 7 =430, trait: »=230) and
one that only included experimental units from Corn Island (sur-
vival: 7= 482, trait: n=292). Thus, models for the ‘no competi-
tion’ data set included CO,, inundation, salinity, age cohort, and
provenance (and their interactions) as well as a quadratic inunda-
tion term and covariates related to propagule initial conditions
(initial wet weight of propagule, laboratory origin, and cloning
group) as fixed effects. We included genotype and individual
chamber (as a spatial block) as random intercepts and CO,, sali-
nity, and inundation (and their interactions) as random slopes
across genotypes. Models for the ‘Corn Island only’ dataset had a
similar structure, except provenance was replaced with competi-
tion treatment, and competition could be included in the ran-
dom slope specification.

To understand the drivers of S. americanus survival, we first fit
a generalized linear mixed model with a binomial data distribu-
tion and logit link to binary data, where 0= S. americanus did
not survive to harvest and 1 = S. americanus was alive at harvest.
Both genotype and individual chamber random effects were esti-
mated to be near zero and were thus removed from the model.
For multiple combinations of fixed effect levels, all plants either
survived or died, leading to the complete separation problem
(Albert & Anderson, 1984). Thus, we fit the generalized linear
model with a bias-reduction method to allow for a robust
approximation of standard errors (brglm, v.0.7.2; Firth, 1993).
Using this model fitting procedure, the most complex model we
fic included up to all possible three-way interactions between
CO,, inundation, salinity, age cohort, and provenance (or com-
petition) as well as the other previously mentioned covariates.

Because of low survival of plants at the two highest levels of
inundation (3% and 27% survival, respectively; Table S3;
Fig. S2), we analyzed plant trait data for plants on the lowest four
inundation levels only (on average 91% survival) and removed

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

b//:8d1) suonIpuo)) pue swia [, oy} 39S *[£707/L0/17] uo A1eiqry auruQ A1\ Qe 10N JO ANsIoAtun Aq L1161 ydu/1 [ 11°01/10p/wod Kajim Kreiqrjautjuo-yduy/:sdny woiy papeojumo( ‘0 ‘LE1869%1

10)/wi00 o[ im ATeIqr

P!

AsUAIT suowwo)) dAnear) s[qesridde ayy Aq pauIoA0S a1 SI[IIIE V() (asN JO SI[NI 10§ AIIqIT SUI[UQ) AS[IA\ UO (SUOHIpUC



New
Phytologist

any observations for which there was zero aboveground S. ameri-
canus growth. We square root-transformed aboveground and
belowground biomass and log-transformed root-to-shoot ratios
to better meet the assumption of homogeneity of variance. We
performed backward stepwise selection starting with the maxi-
mal, or most complex, model (i.e. up to five-way interactions
between ‘eco’ and ‘evo’ terms) to narrow in on potentially infor-
mative interactions between ecological and evolutionary variables
(LMERTEST, v.3.1-3). We assessed the significance of fixed effects
in the model using a Type III ANOVA with the Satterthwaite
method. We recognize that P-values alone are not sufficient to
identify whether ecological and evolutionary factors have impor-
tant effects on trait variation (i.e. statistical significance # effect
size; Greenland ez al., 2016). We therefore also report effect sizes
when possible (following recommendations from Greenland
et al., 2016; Dunkler et al., 2020), and we have visualized model
results to better understand ecological and evolutionary factors
underlying trait variation. We also ran additional permutation
tests post hoc to assess the likelihood that significant terms of
interest in our model were due to chance (see Methods S1;
Table S4).

Finally, we quantified the overall extent that evolution
explained variation for each trait by comparing the fit of the final
model to the fit of a ‘null’ statistical model (i.e. one that did not
include the fixed effects of age cohort and provenance, the ran-
dom intercept for genotype, or any random slopes across geno-
type; Fig. lab), constructed using the stepwise approach
described above. We compared the amount of variation explained
by the null model to the final ‘evolution” model — which included
all evolutionary factors (i.e. age cohort, provenance, and geno-
type) — using Nakagawa’s R (PERFORMANCE, v.0.8.0; Nakagawa
& Schielzeth, 2013). We also calculated the ‘conditional’ intra-
class correlation coefficients (ICCs) for each of the final evolution
trait models to quantify the proportion of observed trait variation
explained by the random effects of genotype (and genotype-by-
environment interactions) in light of fixed effects in the model
(Gelman & Hill, 2006; Nakagawa er al., 2017). For all trait
models, the spatial block random effect was dropped from the
model in the stepwise procedure so the R and ICC values cap-
tured variation due to genotype and G X E interactions alone.

Results

Survival of S. americanus

As expected, S. americanus survival was strongly influenced by
inundation (Fig. S3a,c; Table S5). Survival was also mediated by
other global change factors. For example, survival at the fresh-
water site was lower at higher levels of inundation than at the
same levels of inundation at the brackish site (inundation X sali-
nity, P=0.003; Fig. S3a,c). Interestingly, the probability of sur-
vival was also mediated by age cohort and provenance. Ancestral
genotypes from Corn Island exhibited especially lower survival in
comparison with descendant genotypes from Corn Island under
elevated CO, conditions (CO, X age cohort X provenance,
P=10.026; Fig. S3b). Furthermore, plants that originated from
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Kirkpatrick Marsh were more likely to survive at the freshwater
site whereas plants from Corn Island were more likely to survive
at the brackish site (salinity X provenance, P=0.018; Fig. S3c).
Competition from S. patens did not strongly drive or mediate the
likelihood of S. americanus survival (Table S6), likely because
most S. americanus mortality was due to establishment failure
relatively early in the experiment.

Functional traits of S. americanus in the absence of
competition

As expected, we found evidence of trait plasticity in response to
the environmental conditions that we exposed plants to in
the mesocosm experiment (Fig. 3 ‘Eco’ column; Table S7). On
average (i.e. averaged across other model terms), inundation
explained significant patterns in all traits measured, either with
plant traits increasing linearly with inundation (mean stem height
and width), decreasing linearly with inundation (root-to-shoot
ratio and root depth distribution), or via a quadratic relationship
with inundation (aboveground biomass, belowground biomass,
and stem density) where the trait value was maximized at inter-
mediate levels of inundation. On average, CO, stimulated below-
ground biomass production, stem density, and root-to-shoot
ratios, and more saline conditions at the brackish site decreased
stem height and width, resulting in decreased aboveground bio-
mass.

We found evidence of ‘eco-eco’ interactions for aboveground
biomass, belowground biomass, and root-to-shoot ratio (Figs 3,
S4). On average, we detected a positive effect of elevated CO, on
the aboveground biomass of plants grown at higher inundation
(Fig. 4a; CO, X inundation: F 195, =75.77, P=0.017). Root-
to-shoot ratios were, on average, 23.4% higher for plants at the
brackish site compared with the freshwater site, when grown at
high inundation (Fig. S4a; salinity X inundation: Fj jg3,=
10.69, P=10.001). Belowground biomass was 31.5% higher in
plants grown at low inundation at the freshwater site compared
with the brackish site (Fig. S4b; salinity X inundation: £ 1957 =
4.80, P=0.030).

Beyond expected induced shifts in plant traits due to plastic
relationships with environmental variables, we found little evi-
dence that mean trait values evolved over time or space. Only for
root depth distributions were there significant differences overall
between age cohorts: Root profiles were shallower for descendant
genotypes compared with ancestral genotypes, indicating that
plants have evolved to allocate less belowground biomass deeper
in marsh soils (Fig. S5; Fj 561 =5.79, P=0.024).

We found considerably more evidence that trait plasticity
evolved across less than a century of time or across less than 1 km
of space, compared with mean trait evolution (Figs 3—5). Signifi-
cant ‘eco-evo’ interactions indicate that plasticities in above-
ground biomass and root-to-shoot ratio have evolved across time
in the study populations (Figs 3, 4), that is, that ancestral and
descendant genotypes exhibited different responses to the same
environmental pressures. For example, there was a positive effect
of elevated CO, on aboveground biomass production at greater
inundation, but only at the brackish site for ancestral genotypes
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Fig. 3 Statistically significant terms in the final linear mixed model for each functional trait (on the rows), as determined by backward stepwise selection, fit
to observations with extant Schoenoplectus americanus in the absence of competition from Spartina patens. Model terms in the columns ‘Eco’, ‘Eco-eco’,
'Evo’, and ‘Eco-evo’ were statistically significant as determined by a Type Ill ANOVA at a = 0.05. Cells for fixed effects are shaded by their summed effect
sizes (¢2) in each column group as calculated using the R package errecTsize. Percentages reported in column ‘Genotype' represent the percent of observed
variation that can be attributed to genotype in light of other (fixed effect) terms in the model (i.e. the conditional intraclass correlation coefficient). Model
terms in the column ‘G x E' were statistically significant as determined by a likelihood ratio test at « = 0.10 (following default settings of the R function
ImerTest::step()). *In cases where there was a significant ‘G x E' random slope, the percent of observed variation attributed to genotype was calculated
using an intercept-only model (i.e. without ‘G x E' terms included) and should therefore be interpreted with caution.

and at the freshwater site for descendant genotypes (Fig. 4a;
CO, X salinity X age X inundation: Fj 1357 =7.86, P=0.006).
This result suggests that for aboveground biomass there was selec-
tion for plasticity in response to elevated CO, under certain
inundation and salinity conditions. Furthermore, the stimulatory
effect of elevated CO, due to plasticity was substantial: Above-
ground biomass was 88.4% higher under elevated CO5, on aver-
age (i.e. averaged across other explanatory variables), relative to
ambient conditions for ancestral genotypes at the brackish site
under high inundation and 90.2% higher for descendant geno-
types at the freshwater site under high inundation. The impact of
the evolution of plasticity on root-to-shoot ratios was also sub-
stantial; ancestral genotypes were stimulated by elevated CO, up
to 18.8% at lower inundation, and conversely, descendant geno-
types were stimulated up to 24.0% at higher inundation (Fig. 4b;
CO, X age X inundation: £ 1957 =6.87, P=0.009), suggesting
that there has been selection for plasticity in response to CO,
under different inundation conditions.

We detected further evidence of evolution of plasticity when
accounting for genotype provenance. For example, comparisons
of stem morphology indicate that genotypes from Corn Island
exhibited greater plasticity in response to changes in inundation
and salinity compared with genotypes from Kirkpatrick Marsh
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(Fig. 5a—c). Stems of genotypes from Corn Island were wider
than those from Kirkpatrick Marsh at higher inundation, whereas
the reverse was found at lower inundation (Fig. 5a; provenance X
inundation: Fj j975=7.83, P=0.006). Stems of genotypes
from Corn Island also exhibited greater plasticity in response to
salinity; stems were 8.8% taller and 14.4% thicker at the fresh-
water site compared with the brackish site, whereas stem height
and thickness did not differ substantially for Kirkpatrick Marsh
genotypes (Fig. 5b,c; height model, provenance X salinity:
Fi747=5.95, P=0.017; width model, provenance X salinity:
Fi199.1 =5.46, P=0.020). Finally, root depth distribution dif-
fered by provenance when plants were grown at the brackish site,
but not at the freshwater site (Fig. 5d; provenance X salinity:
Fi311=5.32, P=0.028).

Across all traits, genotype was important in explaining
observed trait variation (Fig. le,f), accounting for an additional
11-31% (mean =20%) beyond what could be explained by glo-
bal change factors and age cohort or provenance alone (Tables 1,
S7, S8, marginal vs conditional R for ‘evolution’ models;
Fig. 6a). We also found that variation of five of the seven focal
traits was partly attributable to genotype-by-environment interac-
tions (‘G X E’; Figs 3, 6b—f). For example, the effect of elevated
atmospheric CO, on aboveground biomass and belowground

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

b//:8d1) suonIpuo)) pue swia [, oy} 39S *[£707/L0/17] uo A1eiqry auruQ A1\ Qe 10N JO ANsIoAtun Aq L1161 ydu/1 [ 11°01/10p/wod Kajim Kreiqrjautjuo-yduy/:sdny woiy papeojumo( ‘0 ‘LE1869%1

110)/W00" K3 1M ATRIqT[dur

P!

AsUAIT suowwo)) dAnear) s[qesridde ayy Aq pauIoA0S a1 SI[IIIE V() (asN JO SI[NI 10§ AIIqIT SUI[UQ) AS[IA\ UO (SUOHIpUC



New
Phytologist

Research'9

Ambient CO, == Elevated CO.

(@
Ancestral cohort (1900-1950) | | Descendant cohort (2000-2020)
154 w
)
©
o 101 g_
T%/ 2] g
C 54 : =
5 i :
0 04 O =
2 oy
= 154 a )
o 5
(o)) 2
Fig. 4 Functional trait plasticity in g 10 %
Schoenoplectus americanus has evolved in o e
o @«
less than a century. (a) Aboveground < 5/ &
biomass of S. americanus was a function of =
an eco-evolutionary interaction between .
inundation, CO,, salinity, and the age cohort 0 ;9:
of the genotype (F4 1857 =7.86, P =0.006). T T T T T T T T
For ancestral genotypes (c. 1900-1950; left -0.2 -0 0.0 0.1 -0.2 -0 0.0 0.1
panel), elevated CO, stimulated Ave rage inundation (m)
aboveground production at higher
inundation at the brackish site, but not at the (b)
freshwater site, whereas for descendant Ancestral cohort (1900-1950) | | Descendant cohort (2000-2020)
genotypes (c. 2000-2020; right panel)
elevated CO, stimulated aboveground
production at the freshwater site, but not at je)
the brackish site. (b) Root-to-shoot ratio was *cE 4
influenced by an interaction between =
inundation, CO,, and age cohort 8
(F4,108.7=6.87, P =0.009), such that P
elevated CO, stimulated belowground @
production relative to aboveground i)
production at low inundation for ancestral =
genotypes, and at high inundation for 8
descendant genotypes. For both graphs, o
predicted means from the linear mixed
models are shown as bolded lines and the

shaded bands represent 95% confidence
intervals. Raw data are displayed as open
circles.

biomass varied by genotype (Fig. 6d,e). Similarly, the effect of
salinity on root-to-shoot ratio varied by genotype (Fig. 6f). The
strength of salinity X inundation interactions on root depth dis-
tribution and stem height also depended on genotype (Fig. 6b,c).

The effect of S. patens competition on eco-evolutionary
responses of S. americanus

The presence of S. patens mediated and constrained S. americanus
responses to global change factors (Tables 2, S9; Fig. 7). For
example, S. americanus stems were on average thinner (Table 2;
Fig. S6; Fi 559.1 = 14.86, P < 0.001) and shorter across all treat-
ments (Tables 2, S9; Fig. S6; F 5654 =3.92, P=0.049) in the
presence of a S. patens competitor. We also found that competi-
tion had the greatest effect on decreasing S. americanus

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

-0.1

T T T

0.0 0.1 -0.2 -0.1 0.0

Average inundation (m)

aboveground biomass and stem density at low inundation
(Fig. 7), where S. patens was the most productive (Fig. S7).

Discussion

The results of this study build on previous work suggesting that
evolutionary factors likely play a larger role in shaping plant traits
than is currently recognized in studies of ecosystem responses to
environmental change, including within wetlands (Blum ez af,
2021; Lumibao er al., 2022; Mozdzer et al., 2022; Vahsen ez al.,
2023). Long-standing recognition that coastal marsh plants
strongly regulate vital ecosystem processes (Kirwan & Megonigal,
2013) combined with mounting evidence of rapid evolution
(Summers et al., 2018; Blum et 2/, 2021; Lumibao et al., 2022;
Mozdzer ez al., 2022; Vahsen ez al., 2023) highlights the potential
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Fig. 5 Evolutionary differences in plasticity among nearby populations of Schoenoplectus americanus. (a) Genotypes from Corn Island (light purple)
exhibited greater plasticity in mean stem width in response to changes in inundation compared with genotypes from Kirkpatrick Marsh (dark purple;
provenance X inundation; F4 1975 =7.83, P =0.006). (b) Genotypes from Corn Island (light purple) exhibited greater plasticity in mean stem width in
response to changes in salinity compared with genotypes from Kirkpatrick Marsh (dark purple; provenance x salinity; F1 199 1 =5.46, P =0.020).

(c) Genotypes from Corn Island (light purple) exhibited greater plasticity in mean stem height in response to changes in salinity compared with genotypes
from Kirkpatrick Marsh (dark purple; provenance x salinity; F1,747=5.95, P=0.017). (d) Genotypes from Kirkpatrick Marsh (dark purple) distributed
belowground biomass proportionally shallower in response to increased salinity, whereas genotypes from Corn Island (light purple) were less sensitive to
changes in salinity (provenance x salinity; F4 344 =5.32, P=0.028). For all graphs, predicted means from the linear mixed model are shown in the bolded
lines (or filled points) and the shaded bands (or error bars) represent 95% confidence intervals. Raw data are displayed as the open circles and are jittered in

panels b—d for ease of interpretation.

for coastal marshes to serve as a hallmark system for studying
eco-evolutionary dynamics. However, our findings also highlight
that traits do not necessarily evolve predictably, with evolution of
plasticity being a far more common mechanism of trait change in
our study than mean trait evolution, and with complex interac-
tions between global change factors mediating the effect of evolu-
tion over space and time.

‘Eco-evo': evolution of plasticity

Odur results underscore that the evolution of phenotypic plasticity
can be an important, though somewhat underexplored empiri-
cally, driver of trait change on decadal to centennial timescales.
Appreciation for its potential importance has likely been limited
in part because the evolution of plasticity can be challenging to
assess, which can be overcome by leveraging ‘resurrection ecol-
ogy’ approaches (Preston er al., 2022; Rauschkolb ez al., 2022;
Zhang & Jiang, 2022). We found that the stimulating effect of
elevated CO, on aboveground biomass at high levels of inunda-
tion was conditional on an additional environmental factor
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(salinity) and age cohort (Fig. 4a). Though this and other ‘eco-
evo’ responses detected in our experiment were complex, it is
nonetheless possible to draw reasonable inferences and hypoth-
eses about underlying mechanisms driving the selection of plasti-
city over time or space. We can postulate, for example, from
measures of aboveground biomass that the additional stress of
elevated salinity at the brackish site induced a novel stress on
ancestral plants, which the energy subsidy afforded by higher
photosynthesis at elevated CO; helped alleviate. This inference
draws support from evidence that the Chesapeake Bay has on
average become more saline since the mid-1900s (Hilton
et al., 2008), which points to the possibility that ancestral geno-
types (c. 1900—-1950) are less capable of coping with more brack-
ish conditions, and thus might benefit more from concurrent
exposure to elevated CO, (Fig. 4a, left). Predicting how plant
traits will shift due to the evolution of plasticity under future sce-
narios of accelerated sea-level rise and increased atmospheric
CO; has direct consequences on estimates of vertical accretion
and carbon sequestration rates in coastal marshes, as these pro-
cesses are sensitive to traits such as aboveground biomass and
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Table 1 R? for final linear mixed models as determined by backward
stepwise selection for seven functional traits fit to observations of
Schoenoplectus americanus in the absence of competition with Spartina
patens.

Marginal R>  Conditional R
(fixed effects  (fixed and
Trait Model only) random effects)
Aboveground biomass (g)  Evolution  0.36 0.52
Null 0.35 -
Belowground biomass (g)  Evolution  0.25 0.39
Null 0.22 -
Root-to-shoot ratio Evolution  0.59 0.70
Null 0.61 -
Stem density Evolution  0.18 0.44
Null 0.19 -
Mean stem height (cm) Evolution  0.38 0.69
Null 0.38 -
Mean stem width (mm) Evolution 0.44 0.63
Null 0.42 -
Root distribution Evolution  0.51 0.77
parameter Null 0.48 -

The ‘evolution’ models represent those that might include provenance,
age cohort, and genotype, whereas the ‘null’ model excludes those terms
and assumes all trait variation can be explained by ecological factors.
Marginal (fixed effects only) are calculated for both the ‘evolution’ and
‘null" models, and conditional (fixed + random effects) R? values are
calculated for the ‘evolution” models following Nakagawa et al. (2017)
using the R package mumin.

root-to-shoot ratio (Vahsen ez 4/., 2023). For example, the stimu-
lation effect of CO; on plant traits in ecosystem models such as
Riet er al. (2021) that predict accretion and carbon accumulation
may be contingent on salinity and evolutionary factors.

Evidence that responses to global change factors varied by pro-
venance further illustrates that the evolution of phenotypic plasti-
city can drive trait change. For example, Kirkpatrick Marsh
genotypes had lower establishment success at higher levels of
inundation and salinity than Corn Island genotypes (Fig. S3).
Interactions between provenance and global change factors also
revealed that Corn Island genotypes exhibited greater plasticity
in responses (i.e. greater sensitivity to exposure; Fig. 5), which
can promote persistence of a population experiencing gradual
(Chevin et al., 2010) or extreme (Chevin & Hoffmann, 2017)
environmental change. This finding suggests that S. americanus
populations exhibit locally adaptive plasticity similar to that
observed among populations of smooth cordgrass (Spartina alter-
niflora) from Adantic and Gulf coast salt marshes (Bernik
et al., 2018). Our findings are nonetheless notable because there
are so few empirical examples of locally adaptive plasticity and
rapid evolution of adaptive plasticity (Reger e al., 2018), despite
reviews indicating that the evolution of phenotypic plasticity is a
widespread phenomenon (Matesanz ez al., 2010; Hendry, 2016)
and that plasticity can evolve on temporal scales similar to
anthropogenically induced environmental change (i.e. over dec-
ades; Hendry, 2016). Additionally, our specific finding that plas-
ticity in stem height and width in response to changes in salinity
and inundation varies according to provenance (Fig. 5a—c) sug-
gests that plant-mediated mineral sedimentation rates will likely

© 2023 The Authors
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be spatially variable under scenarios of accelerated sea-level rise.
Further work is warranted to clarify the nature of adaptive plasti-
city in S. americanus. It would be worthwhile, for example, to
illustrate how the spatial and temporal scales of environmental
change align with genetic and phenotypic variation observed
within and among populations of S. americanus (Summers ez al.,
2018; Vahsen ez al, 2023). Conducting further empirical work
using pedigreed full-sib and half-sib families generated from con-
trolled crosses would offer a stronger basis for drawing inferences
about the mechanisms underlying patterns of phenotypic varia-
tion by, for example, accounting for factors like maternal effects
and epigenetic variation (sensu Preston et al., 2022) and allowing
for further exploration of responses to selection in a quantitative
genetics framework.

While we found ample evidence for ‘eco-evo’ interactions
across the traits measured, interactions between global change
factors in the absence of an evolutionary component (‘eco-eco’)
were less common (Fig. 3), despite strong plastic (‘eco’) responses
to individual global change factors. This was surprising consider-
ing the emphasis placed on ‘eco-eco’ responses in prior studies
characterizing exposure to global change pressures (Deegan
et al., 2007; Cherry er al., 2009; Janousek & Mayo, 2013; Lang-
ley et al., 2013; Drake, 2014; Mozdzer et al, 2016; Watson
et al., 2016; Wigand ez al., 2016; Schile et al., 2017). Our find-
ings may offer a new perspective for interpreting study-specific
findings as well as the (in)consistency of results across studies
which could be a consequence of heritable variation (i.e. genetic
variation, G X E interactions) and perhaps evolutionary processes
(e.g. response to selection).

‘Evo’: evolution of population means

Population means for the measured traits largely did not change
across time or space (i.e. ‘evo’). However, on average, descendant
genotypes exhibited greater survival in the experiment than did
ancestral genotypes which may be a signal of adaptation to histor-
ical environmental changes. Consistent with our previous find-
ings (Vahsen er al, 2023), we also found that root depth
distribution evolved to become shallower over time (Fig. S5),
which could result in decreased belowground decomposition and
nitrogen mineralization rates (Wolf er al, 2007; Bernal
et al., 2017; Noyce et al., 2022). The observed shift in below-
ground biomass distribution, proposed to be a product of nitro-
gen limitation being alleviated from increased anthropogenic
nitrogen deposition (Mozdzer er al., 2016; Vahsen ez al., 2023),
is thus consistent across studies and across provenances within
the Rhode River region of the Chesapeake Bay. This indicates
that this specific finding is likely not idiosyncratic, but otherwise,
limited evidence for mean trait evolution suggests that evolution-
ary change cannot be easily predicted.

Complexity in predicting plant trait evolution and its
consequences on ecosystem processes

While the results from our study suggest that the evolution of
plasticity is a more common mechanism by which plant traits
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Fig. 6 Effects of genotypic variation and G X E interactions on Schoenoplectus americanus functional trait variation. (a) Intraclass correlation coefficients
("ICC’"; the proportion of variation explained by genotype and G x E interactions (bounded between 0 and 1)) for all seven functional traits in increasing
order of mean ICC: root-to-shoot ratio, aboveground biomass, belowground biomass, mean stem width, root distribution parameter (B), stem density, and
mean stem height. Points represent means and error bars represent confidence intervals from bootstrapped simulations (n = 1000). (b—f) G x E (genotype-
by-environment) interactions for (b) root depth distribution parameter (p), (c) mean stem height, (d) aboveground biomass, (e) belowground biomass, and
(f) root-to-shoot ratio. The y-axes of panels (b—f) represents the difference between predicted trait values across either site salinity (freshwater site-brackish
site) or CO, treatments (elevated-ambient). Each line in panels (b, c) represents the average predicted differences in response of a single genotype across

an inundation gradient and each point in panels (d-f) represents the average predicted difference in response for a single genotype.

respond to rapid environmental change than has been previously
understood in coastal marsh systems, our results do not necessa-
rily suggest that accounting for complex eco-evolutionary
responses will reduce uncertainty in ecosystem-level forecasting.
Notably, variation among genotypes explained nearly all the
additional observed variation from the inclusion of evolutionary
factors in our statistical models (Table 1). This is not entirely sur-
prising as the magnitude of genetically based differences can
potentially be much larger than spatial or temporal shifts in mean
trait values or trait plasticity, but it also brings into question
whether accounting for the evolution of plasticity across space
and time is consequential for predictive forecasting and whether
accounting for genetic variation alone is important for capturing
uncertainty in ecosystem processes. Explicit eco-evolutionary
models that account for feedbacks between evolutionary

New Phytologist (2023)
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mechanisms and ecosystem processes may be needed to reduce
uncertainty in predictive forecasting.

Conclusions and future directions

Most ecosystem models of marsh accretion and carbon sequestra-
tion do not account for the influence of interacting global change
factors on plant traits (but see Rietl ez al, 2021), and none
account for heritable trait variation and changes thereof (i.c. trait
evolution). Our results highlight that integrating evolutionary
processes into ecosystem models may be useful but requires a
complex understanding of evolution across space and time and
interactions between several global change factors. Our findings
illustrate that phenotypic evolution can occur on ecologically
relevant timescales (i.e. fast enough to mediate ecosystem-level
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Table 2 Effect of Spartina patens competition on Schoenoplectus
americanus trait variation.

Additive or
interactive
Trait effect Effect of S. patens on S. americanus
Aboveground Interactive The presence of S. patens reduced
biomass (g) S. americanus aboveground biomass
at low inundation, but not at high
inundation.
Stem density  Interactive The presence of S. patens reduced
S. americanus stem density at low
inundation, but not at high
inundation.
Mean stem Additive The presence of S. patens reduced
height (cm) average S. americanus stem height.
Mean stem Additive The presence of S. patens reduced
width (mm) average S. americanus stem width.

'Additive or interactive effect’ signifies whether the presence of S. patens
(‘competition’) as a fixed effect (0 =S. patens absent, 1 =S. patens
present) is significant at the a = 0.05 level within an interaction or as a
main effect.

Competition: - © - Without S. patens —e— With S. patens

-
o
1

S. americanus aboveground biomass (g)
[¢)]

-0.2 0.1 0.0 0.1
Average inundation (m)

Fig. 7 Inundation mediates the effect of Spartina patens on
Schoenoplectus americanus aboveground biomass production
(inundation x competition, F; 263.2=6.97, P=0.009). Raw data are
displayed as the open and filled circles (without and with competition,
respectively) and lines are predicted mean responses from the linear mixed
model.

dynamics; Summers ez al., 2018; Blum ez al., 2021; Vahsen ez al.,
2023) and offer further support for the idea that global environ-
mental change can elicit shifts in trait variation that alter vital
ecosystem functions (Monroe ¢t al., 2018; Mozdzer et al., 2022;
Vahsen er al., 2023). We consider study sites like the Smithso-
nian Environmental Research Center’s Global Change Research

Wetland (GCReW) as highly valuable assets for pursuing

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

research on eco-evolutionary dynamics. Long-term research sites
like GCReW have generated decades-long chronosequences of
data that can be revisited to investigate whether ecologically
important plants like S. americanus have acclimated and/or
evolved in response to global change. Our study can serve as a
motivating resource for future retrospective and predictive ana-
lyses by serving as a framework for deconstructing the role(s) of
eco-evolutionary drivers of plant trait change.

Acknowledgements

We are grateful for the support provided by technicians and
volunteers at the Smithsonian Environmental Research Center.
In particular, we would like to thank the following people for
their assistance with experimental set-up, maintenance, and/or
data processing: Adam Dunn, Johanna Hripto, Nick lacaruso,
Mikayla Manyin, Cary Pelc, Andrew Peresta, Gary Peresta, Evan
Phillips, Roy Rich, Carmen Ritter, and Jenelle Whitman. We
also would like to thank a large cohort of undergraduate students
at Notre Dame and the University of Tennessee, Knoxville for
germinating seeds and maintaining plants in the glasshouse in
preparation for the mesocosm experiment. We acknowledge the
following funding sources that supported this work: National
Science Foundation DEB 1655781, DEB 1655702 (M]B, JPM,
JSM); National Science Foundation DEB 0950080, DEB
1457100, DEB 1557009 (JPM); United States Coastal Research
Program W912HZ-2020003 (MLV). Finally, we thank the edi-
tor and four reviewers for providing helpful feedback to improve
the presentation and elevate the impact of our work.

Competing interests
None declared.

Author contributions

MLV, HK, MJB, JPM and JSM contributed to the conceptuali-
zation. MLV, HSK, HK, JLS, WLV and JSM contributed to the
methodology. MLV, MJB, JPM and JSM contributed to the
funding acquisition. MLV and JSM contributed to the writing —
original draft. MLV, HSK, HK, JLS, WLV, MJB, JPM and JSM

writing — review and editing,.

ORCID

Michael J. Blum
Helena S. Kleiner
Jason S. McLachlan
J. Patrick Megonigal

https://orcid.org/0000-0002-4518-9201

https://orcid.org/0000-0003-3822-685X
https://orcid.org/0000-0001-6771-0304
heeps://orcid.org/0000-0002-2018-7883
https://orcid.org/0000-0001-8926-6988

https://orcid.org/0000-0002-8226-6878

Jennifer L. Summers

Megan L. Vahsen

Data availability

All data and code for the described analyses are available via
https://github.com/mlvahsen/BlueGenes.

New Phytologist (2023)
www.newphytologist.com

o//:Sd0Y) SUOIPUOD) PuT SWID, ) 93§ “[€202/L0/1T] U0 AeaqrT FUIUQ AA[IA “OWRQl SNON JO ANSIAIIN Aq £1161°4dU/1111°01/10p/wod AdfimAxeaquourjuoyduy/:sdny woxy papeojusmo

10)/w00" o[ im  ATeIqrjaur|

ASUAIT suowwo)) dAnear) s[qesrjdde ayy £q pauIoA0S a1 SI[IIIE V() (2SN JO SI[NI 10§ AIBIGIT SUIUQ AS[IA\ UO (SUOLIPUOD-P


https://orcid.org/0000-0002-4518-9201
https://orcid.org/0000-0002-4518-9201
https://orcid.org/0000-0002-4518-9201
https://orcid.org/0000-0003-3822-685X
https://orcid.org/0000-0003-3822-685X
https://orcid.org/0000-0003-3822-685X
https://orcid.org/0000-0001-6771-0304
https://orcid.org/0000-0001-6771-0304
https://orcid.org/0000-0001-6771-0304
https://orcid.org/0000-0002-2018-7883
https://orcid.org/0000-0002-2018-7883
https://orcid.org/0000-0002-2018-7883
https://orcid.org/0000-0001-8926-6988
https://orcid.org/0000-0001-8926-6988
https://orcid.org/0000-0001-8926-6988
https://orcid.org/0000-0002-8226-6878
https://orcid.org/0000-0002-8226-6878
https://orcid.org/0000-0002-8226-6878
https://github.com/mlvahsen/BlueGenes

References

Albert A, Anderson JA. 1984. On the existence of maximum likelihood estimates
in logistic regression models. Biometrika71: 1-10.

Arp WJ, Drake BG, Pockman WT, Curtis PS, work(s): DFWR. 1993.
Interactions between C and C salt marsh plant species during four years of
exposure to elevated atmospheric CO,. Vegeratio 104: 133-143.

Avolio ML, Beaulieu JM, Smith MD. 2013. Genetic diversity of a dominant C4
grass is altered with increased precipitation variability. Oecologia 171: 571-581.

Avolio ML, Chang CC, Weis JJ, Smith MD. 2015. The effect of genotype
richness and genomic dissimilarity of Andropogon gerardii on invasion
resistance and productivity. Plant Ecology ¢ Diversity 8: 61-71.

Ayata S-D, Lévy M, Aumont O, Resplandy L, Tagliabue A, Sciandra A, Bernard
0. 2014. Phytoplankton plasticity drives large variability in carbon fixation
efficiency. Geaphysical Research Letters 41: 8994-9000.

Barton S, Jenkins J, Buckling A, Schaum C-E, Smirnoff N, Raven JA, Yvon-
Durocher G. 2020. Evolutionary temperature compensation of carbon fixation
in marine phytoplankton. Ecology Lesters 23: 722-733.

Bernal B, Megonigal JP, Mozdzer TJ. 2017. An invasive wetland grass primes
deep soil carbon pools. Global Change Biology 23: 2104-2116.

Bernik BM, Pardue JH, Blum M]J. 2018. Soil erodibility differs according to
heritable trait variation and nutrient-induced plasticity in the salt marsh
engineer Spartina alterniflora. Marine Ecology Progress Series 601: 1-14.

Blum MJ, Saunders CJ, McLachlan JS, Summers J, Craft C, Herrick JD. 2021.
A century-long record of plant evolution reconstructed from a coastal marsh
seed bank. Fvolution Letters 5: 422-431.

Bradshaw AD. 1965. Evolutionary significance of phenotypic plasticity in plants.
Advanced Genetics 13: 115-155.

Chapin FS III. 2003. Effects of plant traits on ecosystem and regional processes: a
conceptual framework for predicting the consequences of global change. Annals
of Botany 91: 455-463.

Cheng W, Dan L, Deng X, Feng J, Wang Y, Peng J, Tian J, Qi W, Liu Z,
Zheng X et al. 2022. Global monthly gridded atmospheric carbon dioxide
concentrations under the historical and future scenarios. Scientific Data 9: 83.

Cherry JA, McKee KL, Grace JB. 2009. Elevated CO; enhances biological
contributions to elevation change in coastal wetlands by offsetting stressors
associated with sea-level rise. Journal of Ecology 97: 67-77.

Chevin L-M, Hoffmann AA. 2017. Evolution of phenotypic plasticity in extreme
environments. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 372: 20160138.

Chevin L-M, Lande R, Mace GM. 2010. Adaptation, plasticity, and extinction in
a changing environment: towards a predictive theory. PLoS Biology 8:
€1000357.

Deegan LA, Bowen JL, Drake D, Fleeger JW, Friedrichs CT, Galvdn KA,
Hobbie JE, Hopkinson C, Johnson DS, Johnson JM et al. 2007.
Susceptibility of salt marshes to nutrient enrichment and predator removal.
Ecological Applications 17: S42-S63.

Drake BG. 2014. Rising sea level, temperature, and precipitation impact plant
and ecosystem responses to elevated CO, on a Chesapeake Bay wetland: review
of a 28-year study. Global Change Biology 20: 3329-3343.

Dunkler D, Haller M, Oberbauer R, Heinze G. 2020. To test or to estimate? -
values versus effect sizes. Transplant International 33: 50-55.

Emery SM, Bell-Dereske L, Rudgers JA. 2015. Fungal symbiosis and
precipitation alter traits and dune building by the ecosystem engineer,
Ammophila breviligulata. Ecology 96: 927-935.

Fagherazzi S, Kirwan ML, Mudd SM, Guntenspergen GR, Temmerman S,
D’Alpaos A, van de Koppel ], Rybczyk JM, Reyes E, Craft C ez al. 2012.
Numerical models of salt marsh evolution: ecological, geomorphic, and
climatic factors. Reviews of Geophysics 50: RG1002.

Firth D. 1993. Bias reduction of maximum likelihood estimates. Biometrika 80:
27-38.

Franks SJ, Weber JJ, Aitken SN. 2014. Evolutionary and plastic responses to
climate change in terrestrial plant populations. Evolutionary Applications7:
123-139.

Gale MR, Grigal DF. 1987. Vertical root distributions of northern tree
species in relation to successional status. Canadian Journal of Forest
Research 17: 829-834.

New Phytologist (2023)
www.newphytologist.com

New
Phytologist

Garcia-Carreras B, Sal S, Padfield D, Kontopoulos D-G, Bestion E, Schaum C-
E, Yvon-Durocher G, Pawar S. 2018. Role of carbon allocation efficiency in
the temperature dependence of autotroph growth rates. Proceedings of the
National Academy of Sciences, USA 115: E7361-E7368.

Geerts AN, Vanoverbeke J, Vanschoenwinkel B, Van Doorslaer W, Feuchtmayr
H, Atkinson D, Moss B, Davidson TA, Sayer CD, De Meester L. 2015.
Rapid evolution of thermal tolerance in the water flea Daphnia. Nature Climate
Change 5: 665-668.

Gelman A, Hill J. 2006. Daza analysis using regression and multilevel/bierarchical
models. Cambridge, UK: Cambridge University Press.

Greenland S, Senn SJ, Rothman K]J, Carlin JB, Poole C, Goodman SN, Altman
DG. 2016. Statistical tests, P values, confidence intervals, and power: a guide to
misinterpretations. European Journal of Epidemiology 31: 337-350.

Grossman JD, Rice K]J. 2014. Contemporary evolution of an invasive grass in
response to elevated atmospheric CO, at a Mojave Desert FACE site. Ecology
Letters 17: 710-716.

Hairston NG, Ellner SP, Geber MA, Yoshida T, Fox JA. 2005. Rapid evolution
and the convergence of ecological and evolutionary time. Ecology Letters 8:
1114-1127.

Hendry AP. 2016. Key questions on the role of phenotypic plasticity in eco-
evolutionary dynamics. Journal of Heredity 107: 25—41.

Hilton TW, Najjar RG, Zhong L, Li M. 2008. Is there a signal of sea-level rise in
Chesapeake Bay salinity? Journal of Geophysical Research 113: C09002.

Hong B, Shen J. 2012. Responses of estuarine salinity and transport processes to
potential future sea-level rise in the Chesapeake Bay. Estuarine, Coastal and
Shelf Science 104-105: 33—45.

Ikegami M, Whigham DF, Werger MJA. 2007. Responses of rhizome length and
ramet production to resource availability in the clonal sedge Scirpus olneyi A.
Gray. Plant Ecology 189: 247-259.

Janousek CN, Mayo C. 2013. Plant responses to increased inundation and salt
exposure: interactive effects on tidal marsh productivity. Plant Ecology 214:
917-928.

Kell DB. 2011. Breeding crop plants with deep roots: their role in sustainable
carbon, nutrient and water sequestration. Annals of Botany 108: 407-418.

Kirwan ML, Megonigal JP. 2013. Tidal wetland stability in the face of human
impacts and sea-level rise. Nature 504: 53—60.

Langley JA, McKee KL, Cahoon DR, Cherry JA, Megonigal JP. 2009. Elevated
CO; stimulates marsh elevation gain, counterbalancing sea-level rise.
Proceedings of the National Academy of Sciences, USA 106: 6182-6186.

Langley JA, Mozdzer T], Shepard KA, Hagerty SB, Patrick Megonigal J. 2013.
Tidal marsh plant responses to elevated CO,, nitrogen fertilization, and sea
level rise. Global Change Biology 19: 1495-1503.

Lu M, Herbert ER, Langley JA, Kirwan ML, Megonigal JP. 2019. Nitrogen
status regulates morphological adaptation of marsh plants to elevated CO,.
Nature Climate Change 9: 764-768.

Lumibao CY, Bernik BM, Formel SK, Kandalepas D, Mighell KL, Pardue J,
Van Bael SA, Blum M]J. 2020. Rhizosphere microbial communities reflect
genotypic and trait variation in a salt marsh ecosystem engineer. American
Journal of Botany 107: 941-949.

Lumibao CY, Torres Martinez L, Megonigal JP, Van Bael SA, Blum MJ. 2022.
Microbial mediation of salinity stress response varies by plant genotype and
provenance over time. Molecular Ecology 31: 4571-4585.

Maire V, Soussana J-F, Gross N, Bachelet B, Pages L, Martin R, Reinhold
T, Wirth C, Hill D. 2013. Plasticity of plant form and function
sustains productivity and dominance along environment and competition
gradients. A modeling experiment with Gemini. Ecological Modelling 254:
80-91.

Mastrotheodoros T, Pappas C, Molnar P, Burlando P, Keenan TF, Gentine P,
Gough CM, Fatichi S. 2017. Linking plant functional trait plasticity and the
large increase in forest water use efficiency. Journal of Geophysical Research:
Biogeosciences 122: 2393-2408.

Matesanz S, Gianoli E, Valladares F. 2010. Global change and the evolution of
phenotypic plasticity in plants. Annals of the New York Academy of Sciences
1206: 35-55.

Megonigal JP, Neubauer SC. 2019. Chapter 19 — Biogeochemistry of tidal
freshwater wetlands. In: Perillo GME, Wolanski E, Cahoon DR, Hopkinson
CS, eds. Coastal wetlands, 2" edn. Cambridge, MA, USA: Elsevier, 641-683.

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

b//:8d1) suonIpuo)) pue swia [, oy} 39S *[£707/L0/17] uo A1eiqry auruQ A1\ Qe 10N JO ANsIoAtun Aq L1161 ydu/1 [ 11°01/10p/wod Kajim Kreiqrjautjuo-yduy/:sdny woiy papeojumo( ‘0 ‘LE1869%1

110)/W00" K3 1M ATRIqT[dur

P!

AsUAIT suowwo)) dAnear) s[qesridde ayy Aq pauIoA0S a1 SI[IIIE V() (asN JO SI[NI 10§ AIIqIT SUI[UQ) AS[IA\ UO (SUOHIpUC



New
Phytologist

Monroe JG, Markman DW, Beck WS, Felton AJ, Vahsen ML, Pressler Y. 2018.

Ecoevolutionary dynamics of carbon cycling in the Anthropocene. Trends in
Ecology & Evolution 33: 213-225.

Morris JT. 2007. Estimating net primary production of salt-marsh macrophytes.
In: Fahey TJ, Knapp AK, eds. Principles and standards for measuring primary
production. New York, NY, USA: Oxford University Press, 106-119.

Morris JT, Sundareshwar PV, Nietch CT, Kjerfve B, Cahoon DR. 2002.
Responses of coastal wetlands to rising sea level. Ecology 83: 2869-2877.

Mozdzer TJ, Langley JA, Mueller P, Megonigal JP. 2016. Deep rooting and global
change facilitate spread of invasive grass. Biological Invasions18: 2619-2631.

Mozdzer TJ, McCormick MK, Slette IJ, Blum M]J, Megonigal JP. 2022. Rapid
evolution of a coastal marsh ecosystem engineer in response to global change.
Science of the Total Environment 853: 157846.

Mudd SM, D’Alpaos A, Morris JT. 2010. How does vegetation affect
sedimentation on tidal marshes? Investigating particle capture and
hydrodynamic controls on biologically mediated sedimentation. Journal of
Geophysical Research-Earth Surface 115: F03029.

Nakagawa S, Johnson PCD, Schielzeth H. 2017. The coefficient of
determination R and intra-class correlation coefficient from generalized linear
mixed-effects models revisited and expanded. Journal of the Royal Society
Interface 14: 20170213.

Nakagawa S, Schielzeth H. 2013. A general and simple method for obtaining &
from generalized linear mixed-effects models. Mezhods in Ecology and Evolution
4:133-142.

Neubauer SC, Anderson IC, Neikirk BB. 2005. Nitrogen cycling and ecosystem
exchanges in a Virginia tidal freshwater marsh. Estuaries 28: 909-922.

Noyce GL, Kirwan ML, Rich RL, Megonigal JP. 2019. Asynchronous nitrogen
supply and demand produce nonlinear plant allocation responses to warming
and elevated CO,. Proceedings of the National Academy of Sciences, USA 116:
21623-21628.

Noyce GL, Smith AJ, Kirwan ML, Rich RL, Megonigal JP. 2022. Oxygen
priming induced by elevated CO, reduces carbon accumulation and methane
emissions in coastal wetlands. Nature Geoscience 16: 63—68.

Ohenhen LO, Shirzaei M, Ojha C, Kirwan ML. 2023. Hidden vulnerability of
US Atlantic coast to sea-level rise due to vertical land motion. Nature
Communications 14: 2038.

Preston JC, Wooliver R, Driscoll H, Coughlin A, Sheth SN. 2022. Spatial
variation in high temperature-regulated gene expression predicts evolution of
plasticity with climate change in the scarlet monkeyflower. Molecular Ecology
31: 1254-1268.

R Core Team. 2021. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. [WWW document]
URL hteps://www.R-project.org/ [accessed 7 July 2023].

Rauschkolb R, Li Z, Godefroid S, Dixon L, Durka W, Mdjekovd M, Bossdorf
O, Ensslin A, Scheepens JF. 2022. Evolution of plant drought strategies and
herbivore tolerance after two decades of climate change. New Phyrologist 235:
773-785.

Reger J, Lind MI, Robinson MR, Beckerman AP. 2018. Predation drives local
adaptation of phenotypic plasticity. Nature Ecology & Evolution 2: 100~107.

Reusch TBH, Hughes AR. 2006. The emerging role of genetic diversity for
ecosystem functioning: estuarine macrophytes as models. Estuaries and Coasts
29: 159-164.

Rice KC, Hong B, Shen J. 2012. Assessment of salinity intrusion in the James
and Chickahominy Rivers as a result of simulated sea-level rise in Chesapeake
Bay, East Coast, USA. Journal of Environmental Management 111: 61-69.

Rietl AJ, Megonigal JP, Herbert ER, Kirwan ML. 2021. Vegetation type and
decomposition priming mediate Brackish Marsh carbon accumulation under
interacting facets of global change. Geophysical Research Letters 48:
€2020GL092051.

Ross AC, Najjar RG, Li M. 2021. A metamodel-based analysis of the sensitivity
and uncertainty of the response of Chesapeake Bay salinity and circulation to
projected climate change. Estuaries and Coasts 44: 70-87.

Schile LM, Callaway JC, Suding KN, Kelly NM. 2017. Can community
structure track sea-level rise? Stress and competitive controls in tidal wetlands.
Ecology and Evolution7: 1276-1285.

Schlichting CD. 1986. The evolution of phenotypic plasticity in plants. Annual
Review of Ecology and Systematics 17: 667—693.

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research 15

Schweitzer JA, Bailey JK, Fischer DG, LeRoy CJ, Lonsdorf EV, Whitham TG,
Hart SC. 2008. Plant—soil-microorganism interactions: heritable relationship
between plant genotype and associated soil microorganisms. Ecology 89: 773-781.

Schweitzer JA, Fischer DG, Rehill BJ, Wooley SC, Woolbright SA, Lindroth
RL, Whitham TG, Zak DR, Hart SC. 2011. Forest gene diversity is correlated
with the composition and function of soil microbial communities. Population
Ecology 53: 35-46.

Seliskar DM, Gallagher JL, Burdick DM, Mutz LA. 2002. The regulation of
ecosystem functions by ecotypic variation in the dominant plant: a Spartina
alterniflora salt-marsh case study. Journal of Ecology 90: 1-11.

Summers JL, Bernik B, Saunders CJ, McLachlan ]S, Blum M]. 2018. A century
of genetic variation inferred from a persistent soil-stored seed bank.
Evolutionary Applications 11: 1715-1731.

Tobias C, Neubauer SC. 2019. Chapter 16 — Salt marsh biogeochemistry — an
overview. In: Perillo GME, Wolanski E, Cahoon DR, Hopkinson CS, eds.
Coastal wetlands, 2** edn. Cambridge, MA, USA: Elsevier, 539-596.

Vahsen ML, Blum M]J, Megonigal JP, Emrich SJ, Holmquist JR, Stiller B,
Todd-Brown KEO, McLachlan JS. 2023. Rapid plant trait evolution can alter
coastal wetland resilience to sea level rise. Science 379: 393-398.

Vahsen ML, Gentile RM, Summers JL, Kleiner HS, Foster B, McCormack RM,
James EW, Koch RA, Metts DL, Saunders C et al. 2021. Accounting for
variability when resurrecting dormant propagules substantiates their use in eco-
evolutionary studies. Evolutionary Applications 14: 2831-2847.

Valencia-Montoya WA, Flaven E, Pouzadoux J, Imbert E, Cheptou P-O. 2021.
Rapid divergent evolution of an annual plant across a latitudinal gradient
revealed by seed resurrection. Evolution75: 2759-2772.

Watson EB, Andrews HM, Fischer A, Cencer M, Coiro L, Kelley S, Wigand C.
2015. Growth and photosynthesis responses of two co-occurring marsh grasses
to inundation and varied nutrients. Botany 93: 671-683.

Watson EB, Szura K, Wigand C, Raposa KB, Blount K, Cencer M. 2016. Sea
level rise, drought and the decline of Spartina patensin New England marshes.
Biological Conservation 196: 173-181.

Weis AE. 2018. Detecting the “invisible fraction” bias in resurrection
experiments. Evolutionary Applications 11: 88-95.

Wigand C, Sundberg K, Hanson A, Davey E, Johnson R, Watson E, Morris J.
2016. Varying inundation regimes differentially affect natural and sand-
amended marsh sediments. PLoS ONE 11: e0164956.

Wild C, Hoegh-Guldberg O, Naumann MS, Colombo-Pallotta MF,
Ateweberhan M, Fitt WK, Iglesias-Prieto R, Palmer C, Bythell JC, Ortiz J-C
et al. 2011. Climate change impedes scleractinian corals as primary reef
ecosystem engineers. Marine and Freshwater Research 62: 205-215.

Wolf AA, Drake BG, Erickson JE, Megonigal JP. 2007. An oxygen-mediated positive
feedback between elevated carbon dioxide and soil organic matter decomposition in a
simulated anaerobic wetland. Global Change Biology 13: 2036-2044.

Zhang H, Jiang X. 2022. Resurrection of dormant zooplankton grazers reveals
multiple evolutionary responses to toxic cyanobacteria. Limnology and
Oceanography 67: 2000-2011.

Zhu C, Langley JA, Ziska LH, Cahoon DR, Megonigal JP. 2022. Accelerated
sea-level rise is suppressing CO, stimulation of tidal marsh productivity: a 33-
year study. Science Advances 8: eabn0054.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Surface water nutrients at the Brackish and Freshwater
sites over time.

Fig. 82 Trait distributions for extant experimental units for all
inundation levels.

Fig. S3 Survival likelihood for Schoenoplectus americanus
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