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ABSTRACT

Context

Ecotones are boundary zones formed where overlap between neighboring ecosystems creates an
intermediate ecosystem with unique ecological characteristics. Dynamic ecotones change
position along a boundary over time and can be further categorized as either shifting, where the
adjacent ecosystems alternatively drive movement of the ecotone but maintain the same relative
location over time, or directional, where one system encroaches into the other and the ecotone
moves laterally.

Objectives

The purpose of this work was to examine how climate change alters movement dynamics of both
directional and shifting ecotones.

Methods

In three ecosystem case studies, we examine the effects of climate change on landscape-scale
ecotone movement across the marine, terrestrial, and interfacing environments.

Results

Shifts in local and global climate drive changes in ecotone patterns, increasing directional
ecotone movement at both shifting and directional ecotones. Specifically, unidirectional changes
in climate patterns disrupt dynamic equilibria at shifting ecosystem boundaries, thereby
facilitating unidirectional movement at the previously shifting boundaries. Climate changes
additionally accelerate pre-existing directional migration of ecotones through changes to abiotic
gradients.

Conclusion
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Directional climate change increases directional movement in multiple types of ecotone. Future
work should consider the rate and feedback mechanisms of ecotone movement and function at
additional ecotones.
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INTRODUCTION

Ecotones, confined transitional boundaries between two distinct ecosystems whose
overlap results in a unique ecological community, are relatively dynamic and unstable zones
compared to their neighboring ecosystems and are frequently characterized by a change in
abiotic stressors (Longhurst 2006; Wasson et al. 2013; Wang et al. 2019). Relatively high stress
at the ecotone reduces the competitive dominance of species from the less-stressed adjacent
ecosystem and forces the establishment of a community comprised of species from both adjacent
ecosystems as well as unique species that are competitively dominant under increased stress
(Lloyd et al. 2000) or facilitated by novel species interaction (Maher et al. 2005). The littoral
zone of a lake serves as a model ecotone (van der Maarel 1990). The boundary between dry and
submerged benthos at the littoral zone changes seasonally: high water levels in winter months
inundate the area, and low water levels in summer months expose the area to both oxygen and
heat. These seasonal changes create drastically different environmental conditions in the
intertidal than in either of the adjacent ecosystems, leading to the establishment of a unique
biological community and a distinct ecosystem. Although ecotones exist at a variety of spatial
scales, from biomes to soil-plant interactions (Gosz 1993), here we focus on ecotones at the
landscape scale (~1-100m) because of the climatic factors that drive landscape dynamics.

Like its biological community, an ecotone’s structure and function are derived from the
adjacent systems but remain unique from either ecosystem. The unique combination of habitat
features may create a larger diversity of niches and, consequently, higher species richness than in
the adjacent ecosystems (Horvath et al. 2001; Ribalet et al. 2010); however, this is not universal
(Delcourt and Delcourt 1992; Risser 1995; Senft 2009) and may be limited to large ecotones

(Smith et al. 1997). Similarly, ecosystem functions may be enhanced within some ecotones, as
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seen with the increased sedimentation and organic matter preservation in wetlands (Kolasa and
Zalewski 1995). Conversely, ecotones may limit the movement of species, materials, or drivers
(e.g., wind) from crossing to an adjacent ecosystem (Naiman et al. 1989; Johnston 1991; Forman
and Moore 1992). The movement, or lack thereof, of species or material across the ecotone may
contribute to feedback loops that either shift or maintain the position of the ecotone and adjacent
ecosystems (Kolasa and Zalewski 1995), leading to dynamism and variation in ecosystem
function across the ecotone transition.

Ecotones can be classified based on their long-term stability and direction of movement
as stationary, shifting, or directional (Peters et al. 2006). Stationary ecotones occur where abiotic
controls over an ecotone’s location are inherent, reinforced by strong biotic feedbacks, and,
consequently, stable over time, as seen in ecosystem transitions at abrupt elevation or
geomorphological gradients (Korner 1998; Peters et al. 2006; Figure 1a). Shifting ecotones are
more dynamic and, while they maintain a relatively constant location over time, they exist in an
unstable equilibrium and periodically move laterally into adjacent ecosystems (Figure 1b).
Shifting ecotones occur where varying environmental conditions allow for dominance by either
ecosystem to shift at the boundary. For example, at the grassland-shrubland ecotone, increased
drought or winter precipitation may cause the ecotone boundary to shift farther into grassland
(i.e., grassland converts to shrubland), whereas, during a rainy period, movement of the ecotone
may reverse direction and migrate into adjacent shrubland (Peters 2002; Shiponeni et al. 2011;
Moreno-de las Heras et al. 2016). Short-term assessments of ecotone position may indicate that
the ecotone is moving unidirectionally; however, the net movement of a shifting ecotone’s
position over many years is minimal because of the periodic reversals in movement and overall

bidirectionality of ecotone movement. Conversely, directional ecotones move unidirectionally
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over time (Figure 1c). Typically, positive feedbacks on the leading end of the directional ecotone
stabilize the encroaching ecotone and spur advancement into the adjacent ecosystem (in Figure
Ic, ecosystem II). The trailing edge of the ecotone is then converted into the adjacent
encroaching ecosystem (in Figure lc, ecosystem I), leading to net movement of the ecotone over
time. This is seen at the boundary between salt marsh and forest, where sea-level rise causes
forest dieback and marsh encroachment, and the marsh-upland ecotone moves inland (Smith

2013; Wasson et al. 2013; Schieder et al. 2018).

a. Stationary b. Shifting c. Directional

ECOTONE
ECOTONE
ECOTONE

Time
ECOTONE
ECOTONE
ECOTONE

ECOTONE
ECOTONE
ECOTONE

Fig. 1 Schematic of (a) stationary, (b) shifting, and (c) directional ecotone movement over time
where I and II are the ecosystems adjacent to the ecotone

While the effects of directional climate change on individual species and populations
have been studied extensively (Goldblum and Rigg 2005; Caputi et al. 2013; Martinez-Soto and
Johnson 2020), the effects of climate change on the directional movement of ecotones at the
ecosystem scale is a developing field of research (Deaton et al. 2017; Theuerkauf and Rodriguez
2017; Smith and Kirwan 2021), despite the longstanding theory that ecotones are reactive to and
indicative of climate change (Noble 1993; Wasson et al. 2013; Saintilan et al. 2014). Previous

work has demonstrated that ecotones may be especially sensitive to changing conditions because
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species therein are nearing abiotic limits (Goldblum and Rigg 2005; Wasson et al. 2013) and that
ecotones are useful study systems because they can be readily tracked over time (Kupfer and
Cairns 1996). Thus, observing changes in ecotone dynamics may provide insight into climate
change impacts on both ecotones and their adjacent ecosystems. Past ecotone studies have
focused on the movement patterns of a single ecotone type, especially the acceleration of
directional ecotone movement (Kupfer and Cairns 1996; Schieder and Kirwan 2019) and the
latitudinal migration of biomes (Gonzalez et al. 2010; Coldren et al. 2018). We uniquely propose
that climate-driven changes in ecotone movement may extend beyond existing directional
ecotones to include changes in the movement patterns and classification of previously shifting
ecotones. In this review, we present three landscape ecotone case studies in marine, terrestrial,
and the interfacing environments to demonstrate how climate change is impacting historically
shifting and directional ecotones. We further discuss how changes in ecotone dynamics may
affect ecotone function and call for future work documenting changes in ecotone dynamics.
LANDSCAPE ECOTONE CASE STUDIES

Shifting Ecotone: deep chlorophyll layer (DCL) ecotone

Formation of the deep chlorophyll layer (DCL), the subsurface depth layer in both
freshwater and marine aquatic systems that contains the maximum concentration of chlorophyll,
is dependent on light attenuation depth and the nutricline (Fee 1976; Abbott et al. 1984). While
light is abundant in surface waters, low nutrient availability limits the amount of primary
production. Deeper in the water column, attenuation reduces the availability of light, but nutrient
availability increases. These inverse environmental gradients establish the DCL at the
overlapping zone between lit, nutrient-depleted surface waters and dark, nutrient-rich deep

waters (Cullen 1982). While community composition of the DCL varies geographically, the DCL
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tends to have more flagellated planktons, pennate diatoms, and cryptophytes compared to the
centric diatom-dominated surface communities (Kimor et al. 1987; Barbiero and Tuchman
2004). The DCL supports a unique community of species adapted to low-light conditions
through development of accessory pigments or vertical migration to surface waters (Pollehne et
al. 1993; Cullen 2015). This unique assemblage of species establishes the DCL as an ecotone.

The concentration of chlorophyll at depth has multiple important functions for the aquatic
ecosystem. Because of the relatively high concentration of planktonic organisms, there is an
increased presence of both mixotrophic and heterotrophic protozoans at the DCL (Bird and Kalff
1989). The rate of energy movement and grazing velocity is higher at the DCL, as is secondary
organic matter export through sloppy heterotrophic feeding and sinking fecal pellets (Pollehne et
al. 1993; Macias et al. 2014). Compared to adjacent ecosystems, bacteria biomass is ten times
greater at the DCL, and microbial diversity is similarly found to be higher (Auer and Powell
2004; Junior et al. 2015). The DCL creates an environment with enhanced ecological functioning
and biodiversity compared to the light-rich, nutrient-poor surface waters and the light-poor,
nutrient-rich deep waters that border the system on either side.
Directional movement of the DCL ecotone

Oscillations in phytoplankton concentrations at the DCL are driven by the balance
between vertical mixing and nutrient sinking (Huisman et al. 2006), where seasonal variation in
nutrient availability, as controlled by the upwelling of deep, nutrient-rich waters, determines
primary production throughout the year. Therefore, the location of the DCL varies based on
short-term environmental conditions and weather, but its overall position remains relatively
unmoved on a longer time scale, which is characteristic of a shifting ecotone (Estrada et al. 1993;

Letelier et al. 2004; Figure 2a). Prior research indicates that the DCL, despite its interannual
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variations in depth, is relatively stable in the water column over the course of years to decades
(Cullen 1982; Estrada et al. 1993). Developments in phytoplankton modeling and observation,
however, challenge this notion and indicate that phytoplankton communities in DCLs can have
sustained fluctuations in population density over long-term timescales (Letelier et al. 2004;
Huisman et al. 2006). As global temperatures rise and surface ocean waters are heated, vertical
stratification increases and, consequently, vertical mixing decreases (Bopp et al. 2001), limiting
nutrient availability to phytoplankton. As a result, low phytoplankton densities at the DCL
become more frequent and long lasting (Huisman et al. 2006). Sustained shifts to a warmer
climate have led to increased stratification and, consequently, the depletion of the DCL and the
overall directional movement of the DCL ecotone into shallower water depths in non-polar
regions (Figure 2b).

DCLs in lakes similarly indicate climate-induced directional ecotone movement, but,
instead of decreasing densities corresponding with warmer waters and shallower depths, DCL
chlorophyll concentrations in lakes are increasing as surface temperatures increase (Barbiero and
Tuchman 2004; Reinl et al. 2020). While open-ocean DCLs are limited by decreased nutrient
concentrations from decreased vertical mixing, increased temperatures in lakes are associated
with increased productivity and higher phytoplankton concentrations at the DCL (Reinl et al.
2020). As waters continue to warm, the DCL in lakes may also become shallower as the
increased concentration of smaller phytoplankton cells increases the scattering of light and
decreases light attenuation (Yvon-Durocher et al. 2011). From this, warming waters in lakes may
lead to higher chlorophyll concentrations in DCLs at shallower depths, as opposed to the reduced
chlorophyll concentrations seen in open-ocean DCLs (Figure 2¢). Although lake and open-ocean

DCLs have similar directional movements—both are shoaling—climate changes induce opposite
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effects on chlorophyll concentration and ecosystem function in these systems, indicating that,

while climate change is driving ecotone migration, local conditions and ecosystem type can

influence ecotone function (Figure 2b, 2c¢).

a. Shifting DCL

Time

Depth

b. Directional DCL (open-ocean) Chlorophyll
Time Concentration

Depth

High

D Low

c. Directional DCL (lake)
Time

Depth

- =B

Fig. 2 Conceptual diagram depicting (a) shifting ecotone movement of the DCL where depth is

relatively maintained over time despite seasonal variation (b) directional shoaling and decreasing

chlorophyll concentrations in open-ocean systems, and (c¢) directional shoaling and increasing
chlorophyll concentrations in lake systems

Shifting Ecotone: grassland-shrubland ecotone

Grassland and shrubland ecosystems, located throughout the world in arid and semi-arid

biomes, are characterized by frequent drought intervals, fires, and livestock grazing—
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disturbances that create heterogeneous habitat patches and form the highly dynamic grassland-
shrubland ecotone (Anderson 2006; Fuhlendorf et al. 2006; McGranahan et al. 2012; Connell et
al. 2018). This heterogeneity in vegetation structure influences biodiversity and habitat use
among ecotone residents (Connell et al. 2018). Spatial patches in the ecotone may act as habitat
islands for species supported by the adjacent ecosystems (Sanchez and Parmenter 2002;
Schooley et al. 2018), but the ecotone also supports species distinct from those occupying
adjacent ecosystems (Jorgensen et al. 2000). The mosaic of grass and shrub patches at the
ecotone thus forms a distinct ecosystem that supports a unique community.

Terrestrial ecotones are typically identified by changes in vegetation communities at the
landscape scale (Risser 1995), which are determined by abiotic characteristics, disturbance, and
species-environment feedback (D’Odorico et al. 2010; Porensky et al. 2016; Archer et al. 2017).
Grassland and shrubland ecosystems are alternative stable states, meaning that either unique
ecosystem can exist in the same area, with the same climate (Vetter 2009; Ratajczak et al. 2014).
Because grassland and shrubland species coexist and compete for dominance at the ecotone, the
biotic and abiotic factors that determine competitive advantage between these systems determine
the position and movement of the ecotone (Peters 2002; Peters et al. 2006). Changes in
environmental conditions can lead to abrupt lateral movement in the shifting ecotone and
transformation of an area from one state into the alternate state (Vetter 2009).

Grass and shrub species possess competitive advantages under different precipitation
patterns: grasses outcompete shrubs with frequent summer rains, and shrubs have a competitive
advantage during prolonged drought and winter rain (Peters 2002; Shiponeni et al. 2011). Shrubs
may act as “resource islands” that limit water accessibility to grasses and make it difficult for

them to grow back after die-off (Duniway et al. 2010; Pockman and Small 2010). Additionally,
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shrubs may perpetuate their own survival and expansion by warming surface air temperatures in
winter, preventing lethal freezes that are typically followed by grassland encroachment
(D’Odorico et al. 2010), and by providing habitat for grass-grazing herbivores at the ecotone
(Bestelmeyer et al. 2007). Conversely, grass species may outcompete shrubs during years with
frequent summer rains or regular fire disturbance, due to their deeper root structure and regrowth
(Novellie and Bezuidenhour 1994; Peters 2002; Shiponeni et al. 2011). These differences in
competitive advantage contribute to their coexistence in a shifting ecotone under fluctuating and
seasonal climatic conditions.
Directional movement of the grassland-shrubland ecotone

While grassland-shrubland boundaries are theoretically shifting ecotones, global patterns
of shrub encroachment over the past century (Naito and Cairns 2011; Archer et al. 2017) indicate
that the grassland-shrubland boundary has become a directional ecotone (but see Masubelele et
al. 2014). This pattern of movement, also called “desertification”, is driven by a suite of
interacting biotic and abiotic factors that favor shrubland over grassland, including livestock
grazing (increased consumption of grasses), fire suppression (reduced shrub disturbance), and
prolonged drought (decreased grass growth), the last of which is predicted to increase with future
climate change (Roux 1966; Vetter 2009; Rutherford et al. 2012). Drought is the primary
climactic driver of shrub encroachment (Novellie and Bezuidennour 1994; O’Connor and Roux
1995) and also amplifies the effects of secondary impacts, such as livestock grazing, on
grassland to shrubland conversion (Vetter 2009). Ultimately, unidirectional changes in climate
may thus disrupt the oscillating equilibrium previously held at the shifting grassland-shrubland
ecotone, leading to dominance of shrubland within the ecotone and continued directional

encroachment of shrubland into grassland.
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Directional Ecotone: salt marsh-upland ecotone

In marshes, the transition between salt marsh and coastal forest forms a unique ecotone,
sometimes referred to as the “ghost forest”, defined by a rapid change in species composition
across an elevation and salinity gradient (Wasson et al. 2013; Santelmann et al. 2019).
Vegetation composition varies across the transition from marsh to forest based on differences in
inundation, soil salinity, moisture, and competition (Pennings and Callaway 1992). Germination
of the upland species in the marsh-upland ecotone tends to be limited by salinity, such that the
lower limit of upland vegetation zones is determined by abiotic constraints (Mufioz-Rodriguez et
al. 2017). The upper limit of marsh vegetation zones, however, is determined by competition,
where marsh species are outcompeted by more freshwater-reliant, terrestrial species, such as
Myrica cerifera (wax myrtle) or Phragmites australis (common reed) (Veldkornet et al. 2015).
This distinct zonation enables the ecotone to support high levels of vegetative complexity and
biodiversity niches within a relatively small area (Traut 2005).

Accelerated directional movement of the marsh-upland ecotone

Shifting environmental gradients drive the lateral movement of the marsh-upland ecotone
while maintaining species composition within the ecotone (Smith 2013; Figure 3). Where sea
levels are rising, the marsh-upland ecotone exhibits directional migration into upland systems
(Smith 2013; Schieder et al. 2018). The chronic press of saline intrusion into forests limits forest
regeneration, and acute storm pulses kill mature, salinity-resistant trees (Fagherazzi et al. 2019).
Together, these processes facilitate the inland migration of marsh vegetation, a process often
referred to as marsh migration. With this unidirectional ecotone movement, vegetative structure
is preserved within the directional ecotone as persistent zones of marsh and ecotone habitat

encroach into upland forests concurrently (Wasson et al. 2013). The ecotone itself is typically
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dominated by snags left over from the retreating upland forest and grass species from the
encroaching salt marsh, along with ecotone-specific species (Kirwan and Gedan 2019).
Although the directional movement of the marsh-upland ecotone has been a naturally
occurring process throughout the Holocene (Horton et al. 2018), anthropogenic climate change
processes have intensified the drivers of ecotone movement (Donnelly and Bertness 2001). As
the global rate of sea-level rise and the frequency of storms has increased, the directional
movement of the marsh-upland ecotone has also accelerated, where possible (Schieder and

Kirwan 2019).

Fig. 3 Aerial, true-color image from Brownsville Preserve (Virginia, USA) showing upland

movement of the directional marsh-upland ecotone as tidal marsh migrates into space previously
occupied by coastal forest. The tan lines represent the approximate locations of the marsh-upland
ecotone in 1980 (dashed) and 2020 (solid), while the white line shows the direction and extent of
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forest retreat between 1980 and 2020. Letters represent zones of (A) forest, (B) new marsh
formed since 1980, and (C) marsh older than 40 years. Data from Smith and Kirwan (2021)

DISCUSSION
Climate change and ecotone dynamics

In the case studies reviewed, we see the manifestation of global changes in ecotone
dynamics on the ecosystem level. From these examples, we find evidence that changing climates
at both the local and global scales can propel directional ecotones by manipulating the abiotic
conditions that determine the width and position of shifting ecotones (deep chlorophyll layer),
limiting reversals in shifting ecotones (grassland-shrubland), and directly accelerating the drivers
of directional ecotones (marsh-upland). Local and global climate changes have caused ecotone
dynamics to change in a variety of landscapes, but we find evidence for a general shift toward
directional ecotone movement as abiotic gradients are modified by changes in global climate
drivers.

In the deep chlorophyll layer (DCL) case study, shifts in environmental conditions caused
by global climate changes—specifically warming-induced stratification—disrupt the previously
shifting ecotone. In response to warming, the DCL reaches a shallower depth and either increases
or decreases its chlorophyll concentration depending on the local conditions of the system.
Warming surface waters in lakes increase phytoplankton productivity, albeit at shallower depths,
whereas increased ocean stratification and reduced vertical mixing diminish productivity and
shrink the DCL in open-ocean ecosystems (Bopp et al. 2001; Huisman et al. 2006; Reinl et al.
2020). These differences emphasize that local conditions interact with climate to determine the
effect of directional ecotone movement on ecosystem function.

The grassland-shrubland and salt marsh-upland ecotone case studies demonstrate more

uniform directional movement of ecotones, driven by a changing climate in two distinct ways.

15



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

The grassland-shrubland ecotone typically acts as a shifting ecotone under stable or equally
oscillating climate conditions (Peters et al. 2006; Shiponeni et al. 2011). Due to directional
changes in climate, however, the shifting ecotone dynamics driven by variable abiotic and biotic
conditions (e.g., precipitation patterns, grazing intensity) are suppressed, and the resulting
climate conditions favor shrubland dominance (Duniway et al. 2010; Pockman and Small 2010).
As grassland and shrubland ecosystems endure more prolonged droughts, conditions become
more favorable for shrubland species, thereby disrupting the equilibrium of the shifting ecotone,
amplifying the effects of disturbance at the transition, and promoting directional movement of
the ecotone into grasslands. Here, directional movement is not directly spurred by a shifting
abiotic gradient, such as salinity or light. Instead, reduced variations in climate disrupt the
equilibrium inherent to a shifting ecotone and prevent the expected reversals that maintain the
long-term position of the ecotone.

Conversely, rising sea levels caused by global climate changes drive the accelerating
migration of salt marshes into upland ecosystems (Schieder et al. 2018). As saltwater rises and
moves inland, the salinity gradient that spans from salt marsh to coastal forest also shifts inland,
creating an environment favorable for migration of salt marsh species into the forest (Smith
2013; Mufioz-Rodriguez et al. 2017). As opposed to the grassland-shrubland and deep
chlorophyll layer case studies, where an equilibrium is disturbed, the accelerated directional
movement of the marsh-upland ecotone results from the acceleration of a preexisting pattern of
movement within an existing environmental gradient.

Ecotones occur over a broad spectrum of temporal and spatial scales and are therefore
subject to scale-dependent constraints and drivers. Although constraints at multiple scales are

simultaneously driving ecotone dynamics (Gosz 1993), ecotone dynamics at broad spatial scales
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(biome and landscape ecotone) are dominated by changes in climate and topography, as
compared to smaller spatial scale ecotones (population and plant-soil ecotones), which are
controlled by interspecies interactions and soil chemistry. Therefore, the strongest
representations of climate change’s influence on ecotone dynamics will be observed at the
landscape scale and above. Temporally, changes in climate—especially anthropogenic
changes—manifest over the decadal to centennial scale (Magnuson 1990). Meaningful
examinations of the effects of climate on ecotone movement, and ecotone dynamics more
generally, therefore necessitate a broad spatial scale and a multi-decadal or centennial temporal
scale. Smaller-scale observations may exhibit patterns that are not representative of the long-
term impacts of climate changes on ecotone movement. For example, short-term observations of
variable ecotone position may indicate shifting movement at an ecotone that is actually moving
directionally when examined over the decadal time scale. From this, it is evident that spatial and
temporal scales of ecotone observation must align with the questions being asked and the drivers
and constraints of ecotone dynamics being examined.
Ecotone and adjacent ecosystem function

In the presented case studies, changes in ecotone dynamics have the potential to reduce
overall ecosystem function, though the mechanism of this reduction varies. As shifting ecotones
become directional, the direction and rate of their movement, the encroaching ecosystem
functionality, and the retreating ecosystem functionality will determine the change in ecosystem
function at the landscape scale. The DCL case study emphasizes that, as ecotones become more
variable in both ecotone area and presence, ecosystem functions—namely primary production—

within these zones can diminish (Huisman et al. 2006).
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The ecosystem function of a directional, migrating ecotone is likely to decrease as a
mature system is replaced with a young ecosystem, which may require time for process rates to
increase to those seen in mature systems (Greiner et al. 2013; Smith and Kirwan 2021).
Additionally, directional ecotone movement can cause an overall reduction of functionality at the
landscape scale when a low-functioning system replaces a high-functioning system, such as
when seagrasses are replaced by bare sediment (Trevathan-Tackett et al. 2018). The transition
from a low- to high-carbon burial system seen during directional mangrove encroachment
emphasizes that net ecosystem functionality under novel landscape changes is dependent on both
of the ecotones’ adjacent ecosystems (Yando et al. 2016).

Because directional ecotones are constantly migrating and being displaced, the unique
ecotone system must continually re-establish. The rate of migration thus determines the ability of
the new ecotone to mature and reach its previous functionality. A slowly migrating ecotone is
afforded time to mature, whereas rapid ecotone movement provides limited time to reach
maturity before conversion to the adjacent ecosystem. Therefore, with accelerating rates of
directional movement, such as those seen at the marsh-upland ecotone, mature ecotone
functionality may never be reached before the ecotone is again displaced (Smith and Kirwan
2021).

Directional ecotone migration also differs based on the structure, community
composition, and land use of the retreating ecosystem on which it is encroaching. Ecotones with
developed boundaries on one side, such as armored shorelines in the case of the marsh-upland
ecotone, tend to be truncated or absent, with minimal opportunity for ecotone migration (Wasson
et al. 2013; Gehman et al. 2018). For ecotones without anthropogenic or morphological

boundaries, land use in the adjacent ecosystem still affects community composition of the
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resulting ecotone (Anisfeld et al. 2017; Gedan and Fernandez-Pascual 2019). Because movement
on the encroaching side of a directional ecotone is persistent, the upland boundary of the ecotone
may influence areal extent and community composition as the ecotone migrates, possibly
resulting in reductions in ecotone area or connectivity between adjacent ecosystems over time.
Furthermore, invasive species, which often benefit from disturbance (Minchinton and Bertness
2003; Smith 2013), may prevent an ecotone from maintaining its structure and functionality as it
migrates.
Suggestions for future research

As shown in the case studies explored in this paper, ecotones are unique environments
that rely on controlling factors imposed by both neighboring ecosystems and global changes.
Because ecotones are unique environments distinct from the surrounding, adjacent ecosystems,
they warrant their own assessments and exploration of ecosystem functions, especially in
dynamic ecotones where climate changes alter movement patterns. The deep chlorophyll layer
and grassland-shrubland case studies exemplify the increased net ecotone movement and local
changes in ecotone function that may result from climate change. Likewise, the marsh-upland
case study demonstrates the potential for faster directional ecotone movement with climate
change. If the demonstrated effects of climate change on ecotone movement extend beyond the
included case studies to more ecotones, it will be important to consider functions within all
ecosystems involved—including not only the adjacent ecosystems, but changes at the ecotone
itself. Additionally, ecotone shifts due to climate changes call for future studies to consider
interactive effects between traditional ecotone disturbances, local conditions, and broader
controlling factors, such as global climate, as well as influences of the secondary effects of

climate change (e.g., changing wind patterns, seed dispersal, and animal migration).
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In response to directional climate change (e.g., sea-level rise or precipitation changes),
ecotone movement patterns may change, although this response is not uniform for all ecotones
(Neilson 1993; Noble 1993). When environmental conditions fall out of equilibrium and one
adjacent ecosystem outcompetes the other, shifting ecotones may become directional ecotones.
Further, shifts in environmental gradients may cause directional ecotones to exhibit accelerated
landscape-scale migration (Allen and Breshears 1998; Wasson et al. 2013; Gedan and
Fernandez-Pascual 2019; Kirwan and Gedan 2019). Observing changes in ecotone dynamics
may thus provide insight into the extent of climate change impacts on both ecotones and their
adjacent ecosystems.

CONCLUSION

In the ecotone literature, studies in multiple environments—including aquatic, terrestrial,
and ecosystems at the marine-terrestrial interface—show developing changes in ecotone
movement at the landscape scale. Patterns of movement within the deep chlorophyll layer,
grassland-shrubland, and salt marsh-upland ecotones suggest that climate change may drive
changes in the movement patterns of ecotones, specifically shifting ecotone dynamics toward
greater and more directional movement. This may occur through increases in climate variability
(e.g., greater annual temperature variation) that change the seasonal dynamics of ecotones,
unidirectional climate shifts (e.g., prolonged drought) that reduce reversals in shifting ecotone
movement, or directional movement of abiotic gradients (e.g., salinity) that propagates
accelerated directional ecotone movement. Future studies should consider this pattern in
additional ecotones and as caused by additional climate drivers not discussed here. Future work

should also examine ecosystem function in ecotones and their adjacent ecosystems, as increased
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directional movement may lead to changes in function, and predicted climate changes will likely

accelerate ecotone displacement.
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