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A B S T R A C T

“Foundation species” are widespread, abundant species that play critical roles in structuring ecosystem characteristics and processes. Ecosystem change in response
to human activities, climate change, disease introduction, or other environmental conditions may promote the emergence of new foundation species or the decline of
previously important foundation species. We present rhododendron (Rhododendron maximum) as an example of an emerging foundation species in riparian forest and
headwater stream ecosystems of the southern Appalachian Mountains and use its example to propose a dynamic approach to recognizing foundation species. As other
species have declined, rhododendron has increased in abundance, biomass, and ecosystem importance, and now dominates the riparian zones and mesic uplands of
much of the region. Rhododendron structures, stabilizes, and modulates functions within both terrestrial and aquatic ecosystems. Studies of forest ecosystem response
to environmental conditions indicate that rhododendron may increase the resistance and resilience of its associated ecosystems to predicted anthropogenic stress,
including climate change, nitrogen enrichment, and invasive species. A more dynamic conception of foundation species as dependent on ecosystem states will help
ecologists to focus on ecosystem processes and services, rather than on historically dominant species, for restoration strategies.

1. Introduction

As human activities alter species composition globally, the con-
servation of ecosystem structure and function will depend on identi-
fying those species which play important roles in structuring and sta-
bilizing current ecosystems. The term “foundation species” was
originally introduced to identify the most important species within
ecosystems (Dayton, 1972), but currently accepted characteristics of
foundation species also indicate that they: (1) are widespread and
abundant; (2) act as structuring elements; (3) create stable conditions;
(4) support associated flora and fauna; and (5) modulate ecosystem
processes (Angelini et al., 2011; Ellison, 2014). Foundation species
often have no functional substitutes, and their loss can result in large
and irreversible changes to ecosystems (Ellison et al., 2005). Local and
regional declines or extirpation of foundation species are pervasive in
every major ecosystem across the globe, including freshwater, marine,
and terrestrial systems (Ball et al., 2009; Palik et al., 2012; Ramus et al.,
2017).

Despite their importance to current ecosystems, many foundation
species are only identified after pathogens, deforestation, urban de-
velopment, climate change, or eutrophication have functionally

eliminated them, either globally or regionally (Angelini et al., 2011).
Examples include the American chestnut (Castanea dentata, Ellison et al.
2005), eastern hemlock (Tsuga canadensis, Ellison et al., 2005), Amer-
ican elm (Ulmus americana, Orwig et al. 2013), tanoak (Notholithocarpus
densiflorus, Dillon et al., 2013), the seagrass Amphibolis antarctica
(Thomson et al., 2015), the blue mussel (Mytilus edulis, Sorte et al.,
2017), and populations of various coral species (Graham, 2014). Ret-
rospective application of the term “foundation species” often has little
relevance for ongoing and future ecosystem management. As founda-
tion species disappear, and environmental conditions change, re-
maining species shift in abundance and dominance, leading to different
interactions and dynamics (Ellison et al., 2014). By the time the im-
portance of former foundation species is recognized, a novel ecosystem
may have already developed (Fig. 1).

Here we argue for the importance of identifying emerging foundation
species—those that play defining roles under altered current conditions
and will likely continue to dominate under predicted future conditions.
Our concept of emerging foundation species is closely related to the
idea of “novel ecosystems,” also called “no-analog ecosystems” and
“emerging ecosystems” (Milton, 2003; Williams and Jackson, 2007;
Hobbs et al., 2009), which has received a great deal of attention in the
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literature. These new ecosystem combinations often revolve around a
newly dominant species (or species group, such as lianas in Neotropical
forests; Schnitzer and Bongers, 2011), sometimes even invasive species.
For example, in their paper on novel ecosystems, Hobbs et al. (2009)
explain how reintroduced Turkey oak (Quercus cerris) in the UK anchors
an ecologically important multi-trophic interaction involving gall
wasps, birds, caterpillars, and native oaks. Turkey oak could be con-
sidered an emerging foundation species in areas where it has become
abundant, despite the fact that some consider it to be non-native. In
fact, there is nothing in the foundation species definition that limits it to
native species, and even widespread invasive species such as cheatgrass
(Bromus tectorum) or the red alga Gracilaria vermiculophylla (Ramus
et al., 2017) could be considered foundation species. We argue that the
question of whether a species is desirable to humans is separate from
the question of whether it plays a foundational role, and proactive
identification of species integral to current ecosystem structure and
function, regardless of their historical dominance or origin, would be
helpful in guiding management decisions.

Here we have three objectives: (1) to propose an expansion of the
term foundation species to include emerging foundation species: species
that currently dominate shifting ecosystems as a result of past dis-
turbance and will likely continue to dominate under changing future
conditions (Table 1); (2) to present rhododendron (Rhododendron
maximum) as an example of an emerging foundation species in riparian
forest and potentially headwater stream ecosystems of the southern
Appalachian Mountains; and (3) to use lessons learned from our study
of rhododendron to offer suggestions for the management of emerging
foundation species.

2. Shifting foundation species in southern Appalachian forests

Over the last century, the structure and function of southern
Appalachian forests has changed substantially with the loss of two
foundation species, American chestnut and eastern hemlock (Fig. 2).
For 4,000 years, the burning regimes employed by Native Americans
supported the co-dominance of American chestnut and oaks (Ellison
et al., 2005). American chestnut was considered a foundation species,
comprising up to 40% of the forest basal area, influencing forest com-
position via allelopathic compounds, contributing recalcitrant large
woody debris to streams, and serving as an important mast species for
forest consumers (Van Lear et al., 2002; Vandermast and Van Lear,

2002; Ellison et al., 2005). Heavy logging, fire exclusion, and in-
troduction of chestnut blight at the turn of the twentieth century led to
the functional extirpation of American chestnut (Vandermast et al.,
2002).

As American chestnut disappeared, eastern hemlock became an in-
creasingly important overstory species, particularly in mesic areas (Van
Lear et al., 2002). Comprising up to 35% of riparian forest basal area,
eastern hemlock exerted a dominant influence on both terrestrial and
aquatic ecosystems in the southern Appalachians (Ford and Vose, 2007;
Ford et al., 2012; Webster et al., 2012). Eastern hemlock’s status as a
foundation species within this region was short-lived: the introduction
of the hemlock woolly adelgid (Adelges tsugae) in the mid-1980′s led to
its current functional extirpation from most southern Appalachian for-
ests (Ellison et al., 2005).

The loss of these foundation species, cessation of fire and grazing,
and increased soil acidity from atmospheric deposition in the early
twentieth century facilitated the regional expansion and dominance of
an unexpected species: the native understory shrub rhododendron
(Rhododendron maximum; Vandermast et al., 2002; Stehn et al., 2011;
Ford et al., 2012). Studies conducted within the Appalachian Mountain

Fig. 1. Examples of ecosystem trajectories after the loss of a foundation species. (See above-mentioned references for further information.)

Table 1
Definitions of foundation species and emerging foundation species.

In this paper, we define the term “foundation species” based on Dayton’s (1972)
original definition and commonly accepted characteristics of foundation species as
they have been described in the literature over the last 40 years:

▪ Widespread and abundant
▪ Act as structuring elements
▪ Create stable conditions
▪ Support associated flora and fauna
▪ Modulate ecosystem processes

We propose the term “emerging foundation species” as a sub-category of foundation
species defined by the following criteria:

▪ Unlike most currently accepted foundation species, emerging foundation species
will have reached dominance relatively recently in human experience of an
ecosystem. In many cases, emerging foundation species will become prominent only
after human activities have led to a restructuring of the ecosystem through changes
to species composition

▪ We also propose that emerging foundation species should also be characterized by
their ability to persist in anticipated future conditions (e.g., as predicted by
climate change models) created by continued human activities at regional and
global scales. These can include climate change, nutrient enrichment, and global
reorganization and elimination of species.
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regions indicate that the expansion of rhododendron since the ex-
tirpation of chestnut has been substantial. A study from the Coweeta
watershed in North Carolina found peak rhododendron establishment
occurred just after the decline of American chestnut, with a 50% in-
crease in rhododendron coverage between 1934 and the 1970s (Elliott
and Vose, 2012). A more recent analysis using satellite imagery in-
dicates that rhododendron has continued to expand by more than 38%
over the last 25 years in the Weimer Run watershed in West Virginia
(Atkins et al., 2018). Evidence from the literature suggests that rho-
dodendron meets all five of the characteristics for emerging foundation
species in riparian forest ecosystems and may also be playing a sig-
nificant and influential role in headwater stream ecosystems (Fig. 3).

3. Rhododendron is an emerging foundation species in southern
Appalachian riparian forests

3.1. Widespread and abundant

Found throughout the Appalachian Mountains, rhododendron
reaches its greatest dominance and density in the southern
Appalachians, covering an estimated 30 million ha (Rivers et al., 1999).
Individual rhododendron thickets can be greater than 20 ha in extent,
reach 4–6 m height, and achieve densities of 23,747 stems per ha
(Plocher and Carvell, 1987; Hedman and Van Lear, 1995). One study in
North Carolina estimated that rhododendron comprises up to 6.3% of
total aboveground biomass and 82% of the understory biomass, 41.6%
of leaf biomass, and 16.1% of leaf area (Elliott and Vose, 2011). Site
descriptions in studies of forest ecosystems throughout the southern

Appalachian region indicate that rhododendron is ubiquitous.

3.2. Structuring element in forests

Rhododendron is a dominant structuring element in southern
Appalachian riparian forests due to its physical form (evergreen shrub)
and its significant influence on understory, forest floor, and soil attri-
butes. Rhododendron significantly reduces total understory photo-
synthetically active radiation (12–33% of non-rhododendron areas,
Clinton, 1995) and the abundance and intensity of sunflecks (Lei et al.,
2006). Because rhododendron’s recalcitrant leaf litter and root matter
decompose slowly, litter and soil beneath rhododendron thickets have
higher organic matter and lower nutritional quality (higher C:N ratios)
than sites without rhododendron (Beckage et al. 2000, Wurzburger and
Hendrick, 2007; Horton et al., 2009). Soil conditions beneath rhodo-
dendron thickets also have lower moisture, cooler temperatures, lower
pH, elevated aluminum concentrations, and decreased cation con-
centrations relative to non-rhododendron areas (Clinton and Vose,
1996; Nilsen et al., 2001; Horton et al., 2009). With lower water re-
quirements than many deciduous species, rhododendron can reduce
mean riparian forest transpiration rate and stabilize annual transpira-
tion compared to sites with only hardwoods (Ford and Vose, 2007).

3.3. Creates stable conditions for some species

Rhododendron stabilizes forests through its persistence in the
landscape and the ecosystem resistance it imparts during disturbance.
Once established, rhododendron is difficult to remove by natural

Fig. 2. Timeline of foundation species compositional changes in southern Appalachian forests. Photo Credits: Eastern hemlock (Tsuga canadensis) along Rugland
Brook, Petersham, Massachusetts. Photograph copyright Aaron M. Ellison and used with permission, https://www.fs.usda.gov/Internet/FSE_MEDIA/fseprd590425.
jpg American chestnut from Pisgah Forest, North Carolina, 1914, United States Forest Service. American chestnut blight in the Chattahoochee National Forest in
north Georgia, 1930, United States Forest Service.
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disturbance (e.g. forest fires, Wahlenberg and Doolittle, 1950) and
anthropogenic means (e.g. cutting, burning, pesticide, combinations,
Harrell and Zedaker, 2010). Individual rhododendron leaves can persist
on the plant for 5 + years (Lipscomb and Nilsen, 1990). Numerous
studies suggest that when rhododendron is present in the understory,
many abiotic (e.g. light, soil moisture, temperature) and biotic (e.g. tree
recruitment) attributes of the forest remain unchanged after several
types of disturbance, including overstory gap creation (Beckage et al.,
2000), pest defoliation (Chastain et al., 2006), and loss of another
foundation species (i.e. eastern hemlock, Ford et al., 2012). However,
the presence of rhododendron can potentially alter ecosystem attributes
and species by promoting disturbance under certain environmental
conditions: in extremely wet conditions, rhododendron can increase
landslide susceptibility (Hwang et al., 2015), and in severe drought
conditions, its higher fuel load can increase its flammability
(Stottlemyer et al., 2009).

3.4. Influences floral and faunal composition

Rhododendron controls canopy species composition through sup-
pression of seed germination (Clinton and Vose, 1996), growth (Lei
et al., 2002), and tree recruitment to higher size classes (Van Lear et al.,
2002); recent experimental removals of rhododendron found that tree
seedling density increased 10-fold in response to treatment (Elliott et al.
2018). Reduced survival of seedlings has been attributed to rhodo-
dendron’s influence on abiotic characteristics of the understory, in-
cluding reduced light, soil moisture, and nutrient availability (Kincaid,
2012). Several studies demonstrate that rhododendron’s influence on
tree recruitment can alter the trajectory of forest ecosystem succession
(Elliott and Vose, 2011, Krapfl et al., 2011), with greater effects on
future forest composition than the legacy of large-scale logging
(Vandermast and Van Lear, 2002).

Rhododendron also affects the composition of other above- and
below-ground forest ecosystem communities. Presence of rhododen-
dron was negatively correlated with the diversity of ground layer plant

communities (Stehn et al., 2011) and the seed bank richness for her-
baceous species (Cofer et al., 2018). Some soil communities (e.g. fungi,
Wurzburger et al., 2011) are more diverse beneath rhododendron
thickets, while other decomposer groups are less diverse (e.g. micro-
arthropods, Ball et al., 2009) or less abundant (e.g. truffles, Loeb et al.,
2000). Rhododendron leaves can support complex communities of
algae, lichens, bacteria, heterotrophic protists, fungi, slime molds, and
microinvertebrates, and the plant is the only documented host of ten
liverwort taxa and one epiphyllous bryophyte (Risk et al. 2011). One
rare orchid, Appalachian twayblade (Listera smallii Weigand), only
grows beneath rhododendron thickets (Vandermast and Van Lear,
2002). Other studies have documented that rhododendron provides
food and refuge to forest mammals, including white-tailed deer (Odo-
coileus virginianus; ~31% of winter diet, Johnson et al., 1995), the re-
latively rare eastern spotted skunk (Spilogale putorius; Reed and
Kennedy, 2000), and forest rodents (Lei et al., 2002).

3.5. Modulates ecosystem processes

Rhododendron affects numerous riparian forest ecosystem pro-
cesses, including decomposition and nutrient cycling. Rhododendron’s
recalcitrant leaves are less palatable to consumers, leading to reduced
biomass of soil decomposer communities (bacteria, fungi, copepods,
arthropods), slower decomposition, and increased carbon sequestration
(Ball et al., 2009; Chastain et al., 2006; Horton et al., 2009). Higher
organic matter accumulation can also lead to retention of associated
nutrients within leaf litter (e.g. up to 24% of cycling forest nitrogen,
Monk et al., 1985). Rhododendron further alters nitrogen availability
by creating compounds that inhibit nitrification (Wurzburger and
Hendrick, 2007). A recent study found that removal of both rhodo-
dendron plant and its associated leaf litter increased the availability of
nitrogen to soil organisms (Osburn et al., 2018). Rhododendron can
also limit the availability of cations through tissue storage (Nilsen et al.,
2001) and reduction of soil pH which affects leaching from the system
(Yeakley et al., 2003).

Fig. 3. Key attributes of rhododendron that enable it to uniquely affect riparian terrestrial and headwater stream ecosystems in southern Appalachian forests relative
to deciduous-only forests.
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4. Is rhododendron an emerging foundation species in headwater
streams?

Previous studies have demonstrated tight linkages between riparian
vegetation communities and the ecosystem structure and function of
adjacent headwater streams (Kominoski et al., 2013). But can an in-
dividual riparian species exert sufficiently strong effects on stream
ecosystems relative to abiotic (e.g. flow, sediment, Tant et al., 2015)
and in-stream biotic (e.g. consumers) forces to act as a foundation
species for stream ecosystems? Studies suggest that rhododendron may
also be an emerging foundation species in headwater streams through
its influence on three aspects of stream ecosystems: algal production,
litter inputs, and nitrogen dynamics.

Reduction of light by rhododendron may inhibit algal primary
production, particularly during deciduous leaf-off. In deciduous forest
streams, algal growth often peaks during the winter and spring without
rhododendron, but streams shaded by rhododendron’s evergreen un-
derstory remain light-limited throughout the year (Dudley, 2018). Only
one preliminary study has directly quantified rhododendron’s negative
effect on algal primary production in the southern Appalachians
(Dudley, 2018). However, a study in western Ireland found that a dif-
ferent species of invasive rhododendron (Rhododendron ponticum) sig-
nificantly suppressed algal primary production and grazer abundance
(Hladyz et al., 2011). Because algae are a small biomass, but high
quality, food resource in southern Appalachians headwater streams,
even a small reduction in algae by rhododendron could have cascading
effects on the rest of the stream food web (Bumpers et al., 2017).

Detrital inputs from associated riparian vegetation provide most of
the energy in southern Appalachian headwater streams (Wallace et al.,
2015), and riparian areas dominated by rhododendron could alter the
timing, quantity, and quality of detrital inputs in biologically significant
ways (Dudley, 2018). Rhododendron leaf litter inputs primarily occur
in autumn, but unlike deciduous species, its leaves can drop year-round

(Monk et al., 1985). Like terrestrial detritivores, aquatic consumers also
find rhododendron’s recalcitrant leaf litter to be less palatable, thus
reducing abundance and altering composition of aquatic microbes
(Kominoski et al., 2009). Consequently, rhododendron leaves have
lower decomposition rates in streams, and their presence in mixed-
species leaf packs can even alter decomposition of other species
(Kominoski et al., 2009). However, rhododendron leaf litter can also
persist longer in streams, providing a critical summer food source for
long-lived consumers when more labile leaf species have been con-
sumed (Schofield et al., 2001). Furthermore, rhododendron’s reduction
of overstory canopy species could reduce inputs of coarse woody debris
to streams (Webster et al. ,2012).

By storing and reducing nitrogen availability in riparian forest soils,
rhododendron likely limits leaching of nitrogen from terrestrial to
headwater stream ecosystems (but see Yeakley et al., 2003). Rhodo-
dendron leaf litter inputs to streams can also potentially change in-
stream nitrogen uptake dynamics. Under low nitrogen concentrations,
lower microbial growth on in-stream rhododendron leaf litter could
decrease N demand from streamwater, as has been found in other
species with recalcitrant litter (Pastor et al., 2014). But under nutrient
enrichment conditions, in-stream rhododendron litter responds more
strongly to higher streamwater N + P concentrations, including 4.4x
greater breakdown rates and higher percent change in fungal and
bacterial biomass (Tant et al., 2015).

Preliminary research conducted in headwater streams suggests that
rhododendron may play an important role in structuring and mod-
ulating ecosystem processes within these ecosystems. However, much
of our knowledge of the role rhododendron plays in streams is based on
our understanding of its effect on abiotic conditions in the terrestrial
ecosystem (e.g. its effect on light) or through patch-scale leaf pack
studies (e.g. Kominoski et al., 2009). Reach- or watershed-scale re-
search, which utilizes naturally existing differences in rhododendron
abundance or directly manipulates the presence of rhododendron (e.g.

Fig. 4. Conceptual diagram of how the effects of global environmental stressors are mediated through key attributes of rhododendron in terrestrial riparian and
headwater stream ecosystems.
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Dudley, 2018), is needed to better determine rhododendron’s im-
portance to multiple abiotic and biotic components of southern Appa-
lachian streams and determine if rhododendron’s influence meets all
characteristics of emerging foundation species within aquatic ecosys-
tems.

5. Rhododendron in a changing world

Barring elimination by an introduced pathogen or wide-scale
changes in land management, rhododendron appears likely to strongly
influence terrestrial and aquatic ecosystems in the southern
Appalachians into the future. Furthermore, rhododendron will likely
continue to mediate ecosystem response to disturbance and increase
ecosystem resistance under three types of chronic anthropogenic
stressors: introduction of invasive species, climate change, and altera-
tions to the nitrogen cycle (Fig. 4).

Previous studies indicate that rhododendron stabilizes ecosystems in
the wake of disturbance by introduced pathogens (e.g. gypsy moths,
Chastain et al., 2006; hemlock woolly adelgid, Ford et al., 2012), and it
could remain important as future pathogen introductions further
change overstory canopy conditions. Because rhododendron slows mi-
neral cycling during disturbance events, its presence may be

particularly influential in protecting water quality of associated stream
ecosystems (Chastain et al., 2006). Additionally, rhododendron’s
longevity on the landscape and suppression of other plants may prevent
the establishment or spread of non-native invasive plant species in
southern Appalachian riparian forests (Anderson et al., 2010), as other
foundation species have been shown to do in their respective ecosys-
tems (e.g. Juniperus monosperma, Kane et al., 2011).

Rhododendron may buffer the effect of climatic variability on
stream and terrestrial ecosystems. Rhododendron’s dense shade keeps
soil cooler (Nilsen et al., 2001), and may reduce effects associated with
increasing temperature. In addition, rhododendron’s lower, more stable
rate of evapotranspiration relative to deciduous trees could lead to
smaller reductions in stream flow during increased frequency and in-
tensity of dry conditions predicted for the southern Appalachians
(Brantley et al., 2013). Rhododendron’s higher rates of organic matter
accretion could potentially mitigate climate change at regional scales
(Chastain et al., 2006). Alternatively, increases in hydrologic variability
could destabilize rhododendron-dominated areas due to increased fire
intensity during dry conditions and landslides in wet conditions (Hales
et al., 2009).

Finally, rhododendron may moderate ecosystem response to global
changes in nitrogen cycling. Nitrogen enrichment to southern

Table 2
Rhododendron management options and potential outcomes.

Management Options Potential Outcomes

No control of rhododendron spread and dominance Rhododendron continues to persist and spread uncontrolled
▪ Elimination of hardwood species from some areas and creation of rhododendron heath balds, increased homogeneity
of ecosystem functions on the landscape (Krapfl et al. 2011, Brantley et al. 2013)

▪ Potentially decreased soil moisture and increased nutrient retention under changing conditions, including warmer
and/or drier climate, nutrient enrichment, and spread of invasive species

Rhododendron eventually becomes self-limiting because of
▪ Increased light conditions that damage leaves and stems (Lipp and Nilsen 1997) increased winter injury (Spencer
1932)

▪ Rhododendron on drier or otherwise less ideal sites susceptible to dieback (Baird et al. 2013)
Widespread extirpation of rhododendron Rhododendron removal is unsuccessful and/or prohibitively expensive (Harrell and Zedaker, 2010)

Restoration of hardwood forests in riparian areas without evergreen understory component through frequent burning
regimes (Dobbs and Parker 2004)

▪ Higher landscape-level diversity
▪ Loss of specific species dependent on rhododendron (e.g. Risk et al. 2011)
▪ Loss of rhododendron effects on soil moisture and nutrients under future conditions

Creation of new novel ecosystem, possibly dominated by an exotic invasive species
Selective removal of rhododendron in mid-slope and

upland areas
Rhododendron dominates most riparian forests and hardwoods dominate mid-slope and upland areas

▪ Potentially the most cost-effective
▪ Preserves rhododendron effects on streams
▪ Promotes hardwood growth in some former rhododendron areas
▪ Supports heterogeneity of ecosystem functions

Table 3
Experimental and analytical methods that were used to establish eastern hemlock as a foundation species, and could be used to identify emerging foundation species,
such as rhododendron.

Method Example

Historical mapping of previous species distribution Used historical documents, stand mapping, and dendrochronological analyses to reconstruct
250 years of landuse history to identify the contingent nature of T. canadensis establishment as a
foundation species in New England (Ellison et al. 2014)

Current mapping of species using GIS (if feasible), potentially to assess changes
in species composition over time

Integrated spatial modeling with field measurements to model eastern hemlock distribution in
the southern Appalachian Mountains (Narayanaraj et al. 2010)

Observational studies, including comparisons of locations where species are
naturally present or absent

Compared hardwood and hemlock-dominated streams to study differences in stream
temperature, nitrate, pH, discharge, and light to predict how loss of eastern hemlock would
likely affect stream ecosystems (Roberts et al. 2009)

Utilization of natural experiments in which a species is naturally removed with
minimal other disturbances, such as species-specific pest removal

Conducted observations of stream ecosystem for 6 years starting from the initial infestation of
hemlock woolly adelgid; Examined changes to temperature, light, canopy openness, litterfall,
large wood, and benthic organic matter (Webster et al. 2012)

Plot-scale experimental manipulation of species presence/absence Established 20 × 20 m treatment plots for two treatments (hemlock woolly adelgid-infested
hemlock trees and girdled hemlock plots) and one reference type (hardwood dominated plots);
Compared light, soil moisture, and ground layer vegetation among plot types (Ford et al. 2012)

Long-term, large-scale experimental manipulation of species presence/absence
using a before-after-control-impact-design

Harvard Forest Hemlock Removal Experiment was a multi-hectare, decades-long before-after-
control-impact experiment that was used to test the hypothesis that eastern hemlock was a
foundation species (Ellison 2014)
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Appalachian ecosystems could occur due to leakage during disturbance
events (Chastain et al., 2006) and temperature-induced mineralization
(Brookshire et al., 2011). Rhododendron’s ability to retain and store
nitrogen in terrestrial ecosystems and (as in-stream litter) convert
water-column nitrogen into consumer biomass (Manning et al., 2016)
could reduce the effects of nutrient enrichment locally and down-
stream.

However, it is possible that rhododendron’s dominance may be di-
minished under specific future conditions. While evergreen species with
sclerophyllous leaves will likely benefit from increased carbon dioxide
and reduced leaf damage under warming temperatures in winter, a
changing climate that results in drier conditions could dis-
proportionately affect rhododendron due to its shallow roots (Brantley
et al 2013). A study examining changes to rhododendron coverage in
the landscape shows that rhododendron loss may occur more frequently
on drier topographies (Dobbs and Parker, 2004). Dry conditions (as
well as other changing abiotic conditions, such as increased aluminum
and lower calcium levels in soils) are thought to increase its suscept-
ibility to dieback from nematode parasites (Baird et al., 2013). Ad-
ditionally, novel invasive pathogens could extirpate rhododendron
from southern Appalachian landscapes, as they did to American
chestnut and eastern hemlock.

6. Management implications and lessons learned

Our study of rhododendron as an emerging foundation species offers
several important insights for the management of shifting ecosystems
under current and potential future conditions:

• Lesson 1: Rapid and significant anthropogenic change has enabled
emerging foundation species to occupy their present dominant roles
in today’s ecosystems, often via irreversible changes to species
composition and ecosystem function. We argue that acceptance of
emerging species as the current and future drivers of evolving eco-
systems would facilitate recognition of the irreversible state of many
ecosystems and would enable managers to proactively pursue a
wider range of appropriate and feasible management strategies.
• Lesson 2: The case of rhododendron highlights the importance of
first identifying a dominant species based on the strength of its
ecological connections, and then explicitly considering management
options that maximize services and minimize disservices. Ecologists
and managers may fail to identify emerging foundation species be-
cause of lack of prior dominance, negative effects on immediate
management objectives, or biases associated with the current defi-
nition of foundation species (e.g. determining whether a species
creates “stable conditions” depends on how stability is defined). Yet
acknowledgement of the foundational role of a particular species
allows for more informed management with explicit consideration
of likely outcomes and feasibility of different strategies (Table 2).
For instance, if hardwood recruitment is an objective, managers may
wish to remove rhododendron since it can inhibit seedling survival.
Conversely, rhododendron removal may also have important, un-
intended, disruptive, and potentially destabilizing consequences.
While managers may ultimately choose to eradicate rhododendron
or other emerging foundation species to achieve specific objectives,
we argue that recognition of dominance and roles within an eco-
system is important to making such a decision, particularly at re-
gional scales.
• Lesson 3: Few studies have proposed or documented that a founda-
tion species in one ecosystem can also have the potential to play a
dominant role in another ecosystem (but see Jules et al., 2014;
Youngquist et al., 2017). Identification of foundation species located
at ecosystem boundaries, such as rhododendron at the terrestrial-
stream interface in the southern Appalachians, is important due to
potential effects on multiple ecosystems.
• Lesson 4: Our analysis of rhododendron highlights the need to

consider how emerging foundation species will respond under pre-
dicted future environmental conditions, a question already being
addressed for historically dominant foundation species (e.g. Gellie
et al., 2016). While dominance by rhododendron may create certain
disservices for humans (e.g. suppression of desirable hardwoods), its
potential to mediate the disturbance effects of climate change,
species invasions, and nitrogen enrichment may also be important
management considerations. Furthermore, many emerging founda-
tion species are the product of global change and may already be
well-adapted to future changes, thus creating more stable conditions
and potentially reducing the feasibility of removal.
• Lesson 5: The challenges in early identification of potential emerging
foundation species highlights knowledge gaps and areas for in-
creased study on species interactions under current and potential
future conditions (Table 3). In particular, there is a critical need for
a direct, experimental approach that manipulates species presence
and absence in a controlled way (Ellison et al., 2005). These ex-
periments will be most informative if conducted at sufficiently large
scales to assess the full range of ecosystem properties that might
change were a potential emerging foundation species to be lost
(Angelini et al., 2011).

Acceptance of the emerging foundation species concept may require
a shift in our approach to management, conservation, and restoration of
ecosystems in a changing world. Species composition and environ-
mental conditions have been altered substantially at a global scale and
return to former conditions and historic species dominance are often
not realistic nor feasible. Management actions that fail to account for
current dynamics of dominant species could unintentionally lead to
ecosystem destabilization or loss of resilience to future change. Greater
understanding of the potential transience of dominant species will en-
able management approaches to be pragmatic in meeting future con-
servation and restoration challenges.
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