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Ecosystem-level effects of keystone species
reintroduction: a literature review

Sarah L. Hale'>®, John L. Koprowski'

The keystone species concept was introduced in 1969 in reference to top-down regulation of communities by predators, but
has expanded to include myriad species at different trophic levels. Keystone species play disproportionately large, important
roles in their ecosystems, but human-wildlife conflicts often drive population declines. Population declines have resulted in
the necessity of keystone species reintroduction; however, studies of such reintroductions are rare. We conducted a literature
review and found only 30 peer-reviewed journal articles that assessed reintroduced populations of keystone species, and only
11 of these assessed ecosystem-level effects following reintroduction. Nine of 11 publications assessing ecosystem-level effects
found evidence of resumption of keystone roles; however, these publications focus on a narrow range of species. We highlight
the deficit of peer-reviewed literature on keystone species reintroductions, and draw attention to the need for assessment of
ecosystem-level effects so that the presence, extent, and rate of ecosystem restoration driven by keystone species can be better
understood.
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species in their ecosystems. Wolves prevent ungulate overpop-

Implications for Practice . . . . .
ulation, and in doing so prevent overbrowsing of vegetation

e More research into ecosystem-level effects of keystone (McLaren & Peterson 1994), and provide scavengers with car-
species reintroduction is required to fully understand if, rion in winters (Wilmers et al. 2003). Sea otters consume sea
and to what extent, keystone species act as a restoration urchins (Strongylocentrotus spp.), thereby maintain the integrity
tool. of the kelp forest’s community structure (Mills et al. 1993).

e Studies of keystone species reintroductions should

- ¢ : Kangaroo rats and prairie dogs modify their habitat, thus influ-
take time lags into account so that delays in ecosystem

) o encing other species and ecosystem processes (e.g. nutrient
response time are not misinterpreted as a lack of response. cycling; Whicker & Detling 1988; Krogh et al. 2002), and serve

o Studies of ecosystem-level effects must broaden their as an important prey source for many avian and terrestrial car-
range of focal keystone taxa, and their geographical region nivores (Kotliar et al. 1999)

of interest to better represent areas of greatest research

q Keystone species perform essential ecological functions
need.

(hereafter referred to as keystone roles), but anthropogenic
factors often drive declines in keystone species’ populations
(Delibes-Mateos et al. 2011). Sea otters were overexploited in
the early twentieth century for the fur trade, which led to their
near extinction (Ravalli 2009), gray wolves in the United States
were intensively hunted following European settlement due to
negative depiction in folklore, and frequent livestock depreda-
tion resulting from market hunters overharvesting native prey
(Fritts et al. 2010), and prairie dogs have been eliminated from
most of their former range in North America due to habitat
loss and perceived pest status by ranchers (Hoogland 1995).

Introduction

The keystone species concept was first introduced in 1969 as
an explanation of the disproportionately large top-down influ-
ence that purple sea stars (Pisaster ochraceus) and sea snails
(Charonia spp.) imposed on their communities (Paine 1966,
1969). Although originally focused on top predators, the key-
stone species concept has evolved to include myriad species at
different trophic levels (Mills et al. 1993; Power et al. 1996).
The current and most broadly accepted definition of keystone
species can be summarized as such: species that maintain
the organization, stability, and function of their communities,
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Effects of keystone species reintroduction

In addition to anthropogenic factors, keystone species declines
may be driven by natural processes. For example, recent
increases in orca (Orcinus orca) predation on sea otters (likely
driven by a decline in great whales, an important orca prey
guild; Estes et al. 2009) have resulted in population declines
(Estes et al. 2004), and prairie dog populations are often locally
extirpated following disease outbreaks (i.e. sylvatic plague,
Yersinia pestis; Cully et al. 2006). Although natural processes
contribute to keystone species population declines, anthro-
pogenic factors are often the ultimate driver (e.g. orca prey was
reduced by whaling, Springer 2003, and sylvatic plague was
introduced to the United States around 1900; Cully et al. 2006).

Keystone species affect a multitude of other species and pro-
cesses in their ecosystems, hence their removal, either natu-
rally or anthropogenically, can have a multitude of effects (see
Delibes-Mateos et al. 2011). Anthropogenically driven popula-
tion declines have resulted in a need to restore keystone species
populations. One common method of restoration is transloca-
tion, the movement of living organisms from one area with free
release in another (IUCN 1987). Translocation has three forms:
(1) Introduction: intended or unintended movement of an organ-
ism out of its native range; (2) Reintroduction: intended move-
ment of an organism into native range from which it has been
extirpated; and (3): Restocking: movement of members of a
species to augment the number of individuals in an original habi-
tat (IUCN 1987). Managers have increasingly used keystone
species translocations as a tool for conservation benefits, such
as restoration of important processes to ecosystems (IUCN/SSC
2013; Cortés-Avizanda et al. 2015; Plein et al. 2016).

Literature reviews that focus on keystone species typically
address the function of species in their ecosystems (Kotliar
et al. 1999; Janiszewski et al. 2014), the definition of keystone
species (Mills et al. 1993; Kotliar 2000; Mouquet et al. 2012),
or methods of reintroduction (Truett et al. 2001). Because key-
stone species reintroduction is proposed as a conservation tool
(Cortés-Avizanda et al. 2015; Plein et al. 2016), we desired to
review and synthesize the extent, efficacy, and success of key-
stone species reintroductions. Furthermore, we sought to ascer-
tain the current state of knowledge of the ecosystem-level effects
(i.e. effects on other species and ecosystem processes such as,
but not limited to, nutrient cycling and hydrological processes)
of keystone species reintroductions.

Methods

We conducted our literature review using a topic search in the
Web of Science database because of the breadth of scientific
fields and dates encompassed (Falagas et al. 2008). We imposed
no restrictions on time period except an end date of 2016,
and began with a general search for the exact term “keystone
species,” then narrowed our search to focus on reintroduction of
keystone species. We only used terms that referred to the move-
ment of species within their native range, so we conducted lit-
erature searches with the following combinations of terms: key-
stone and restor®, keystone and translocat*, keystone and rein-
tro*, keystone and re-intro*, keystone and reest*, keystone and

Table 1. Publications assessing ecosystem-level effects of keystone
species reintroductions with description of keystone taxon of interest and
aspects assessed in study.

Focal Keystone

Authors (Year) Taxon Subject
Mittelbach et al. Micropterus Effects of removal and
(1995) salmoides reintroduction
Le Floc’H et al. Plantago albicans, Ecosystem restoration
(1999) Stipa lagascae,
Cenchrus
ciliaris,
Rhanterium
suaveolens
Wilmers et al. Canis lupus Provision of carrion to
(2003) scavengers
Prober and Lunt Themeda australis  Effects on soil nitrate
(2009) and exotic invasions
Lovari et al. (2009) Uncia uncia Effects on prey
populations
Ciechanowski et al. Castor spp. Effects on

(2011) vespertilionid bats
Kowalczyk et al. Bison bonasus Effects on treestand

(2011)
Farifas-Franco

et al. (2013)

Modiolus modiolus Effects on community
succession

Law et al. (2014) Castor spp. Effects on macrophytes

Fulgham and Cynomys Effects on Dipodomys
Koprowski ludovicianus spectabilis foraging
(2016)

Puttock et al. Castor spp. Effects on hydrological
(2017) processes

re-est*, keystone and re est*, keystone and restock*, and key-
stone and re-stock*. Asterisks were used in Web of Science to
represent words with multiple forms (e.g. reintro* includes rein-
troduce, reintroduced, reintroducing, and reintroduction). When
we located publications discussing reintroduction, reestablish-
ment, or translocation of keystone species, we entered title, year
of publication, focal taxa, location of study, if the focal taxa
were reintroduced, and focus of study (e.g. population dynam-
ics, behavior, etc.) into a database. We excluded publications
that focused on species substitutions, movement of species out-
side of their native range, and invasive species.

We used JMP version 12 to perform statistical analyses.
We performed linear regression with year as the explanatory
variable and number of publications as the dependent variable
to determine if number of publications changed over time.

Results

We found 1,178 publications that include the term “keystone
species” in the topic. Among these, only 69 discussed reintro-
ductions. Of the publications that discussed keystone species
and reintroduction, 30 focused on populations that had been
reintroduced to an area, and 11 assessed ecosystem-level effects
of such reintroductions (Table 1; Fig. 1). Publication dates
ranged from 1995 to 2016, with between one and eight publi-
cations per year, and the number of publications increased with
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Figure 1. Publication topics and their relative proportion of 69
publications on keystone species reintroductions. Values above each bar
indicate number of publications.

year (F|; 19 =75.71, R*=0.81, p <0.001; Fig. 2). Forty-seven
different focal taxa were studied in the 69 publications on key-
stone species reintroductions; however, only 11 taxa were the
subject of more than one publication (Table 2). Four of five cat-
egories of keystone species (keystone predator, keystone prey,
keystone plant, keystone link, keystone modifier; Mills et al.
1993) were represented in this literature, but most publica-
tions (35%) focused on keystone modifiers (keystone links were
absent; Fig. 3). Over half of the publications (54%) focused on
mammals (Fig. 4) and the majority (42%) focused on keystone
species found in the United States (Fig. 5). Keystone species
inhabiting 21 ecosystems were addressed in the 69 publications,
but 50% focused on species in just four ecosystems (forest,
riparian, grassland, and Mediterranean; Fig. 6). Of the 11 pub-
lications focusing on ecosystem-level effects of reintroduced
keystone species, nine assessed effects of keystone species on
other species, and two assessed effects on ecosystem processes
such as soil characteristics and hydrological processes. Nine of
the 11 publications found evidence of the resumption of key-
stone roles (influence on other species and their ecosystem),
one found negative effects on prey species, and one found no
effect. Additionally, studies assessing ecosystem-level effects
were conducted 14.40 +5.60 years (mean + SE; range =1-56
years) following reintroduction of the focal keystone species.
Studies documenting resumption of keystone roles were con-
ducted 10.3 +3.97 years (mean + SE; range = 1-36 years) fol-
lowing reintroduction of the focal keystone species, and all but
two were conducted at least 5 years post-reintroduction.

Discussion

Anthropogenic movement of organisms has taken place for
millennia, but conservation-based reintroductions, especially
of keystone species (Cortés-Avizanda et al. 2015), are a rel-
atively new conservation practice (Seddon et al. 2007). Early
reintroduction efforts often resulted in failure due to lack of
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Figure 2. Number of publications on keystone species reintroductions in
relation to year (1995-2016). Dotted lines represent 95% confidence
intervals.

planning, so managers and researchers have applied more rigor-
ous scientific approaches in preparation for and implementation
of reintroductions (Shier 2015). The necessity of science-based
approaches can be illustrated by two attempts to reintroduce
black-tailed prairie dogs (Cynomys ludovicianus) to southeast-
ern Arizona. The first reintroduction was attempted in 1972, but
was unsuccessful ostensibly due to disagreement about release
sites and methods (Brown et al. 1974) that resulted in prairie
dogs being released on the landscape without site preparation
(i.e. no clearing of vegetation or artificial burrow installation; D.
E. Brown 2012, Arizona State University, personal communica-
tion). The next effort to reintroduce black-tailed prairie dogs in
2008 was based on extensive research into habitat requirements
and suitable sites for reintroduction (Coates 2005), involved col-
laboration among many stakeholders, and followed thorough
guidelines for site preparation, procurement of an adequate
number of founder individuals, and release of animals onto the
landscape (Underwood & Van Pelt 2000). The scientific rigor
applied to the second attempt at black-tailed prairie dog reintro-
duction proved effective, as the reintroduction effort has resulted
in a sustained population of black-tailed prairie dogs within their
former range (Hale 2017).

Prior to 1995, peer-reviewed articles focused on keystone
species reintroduction were absent from the literature, likely due
to the novelty of reintroduction biology (Seddon et al. 2007).
Over time, however, the number of publications on keystone
species reintroductions has increased with the necessity of rein-
troduction as a conservation tool (Shier 2015) and the desire
for more research-based approaches to reintroductions (Seddon
et al. 2007). Although articles discussing keystone species rein-
troduction have become more common (n = 69), most focus on
restoration recommendations, environmental needs, and behav-
ior of existing or theoretical populations, whereas few studies
have assessed reintroduced populations. Studies that do assess
reintroduced populations of keystone species most often focus
on population dynamics, which provide valuable information
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Table 2. Focal taxa of publications discussing keystone species and reintroduction, reestablishment, or translocation in order from most common to least

common.

Focal Taxon Publications (No.) Common Name Group

Castor spp. 9 Beaver Mammal
Oryctolagus cuniculus 7 European Rabbit Mammal

Cynomys 4 Prairie Dog Mammal

Canis lupus 3 Gray Wolf Mammal

Panthera leo 3 African Lion Mammal

Enhydra lutris 2 Sea Otter Mammal

Acropora cervicornis 2 Staghorn Coral Coral

Castanea dentata 2 American Chestnut Tree

Ficus spp. 2 Ficus Tree Tree

Pinus albicaulis 2 Whitebark Pine Tree

Salvelinus namaycsh 2 Lake Trout Fish

Pelecanoides urinatrix 1 Common Diving-petrel Bird

Micropterus salmoides 1 Largemouth Bass Fish

Sander vitreus 1 Walleye Fish

Aristida stricta 1 Pineland Threeawn Grass

Cenchrus ciliaris 1 Buftelgrass Grass

Stipa lagascae 1 Alatham (Algeria) Grass

Themeda australis 1 Kangaroo Grass Grass
Coelostomidia zealandica 1 Great Giant Scale Insect

Bison bison 1 American Bison Mammal

Bison bonasus 1 European Bison Mammal

Canidae 1 Wild Canids Mammal

Canis lupus dingo 1 Dingo Mammal

Crocuta crocuta 1 Spotted Hyena Mammal
Dipodomys spectabilis 1 Banner-tailed Kangaroo Rat Mammal

Equus ferus 1 Horse Mammal

Uncia uncia 1 Snow Leopard Mammal
Crassostrea virginica 1 Oyster Mollusk

Modiolus modiolus 1 Horsemussel Mollusk

Bryum pseudotriquetrum 1 Bryum Moss Moss

Campylium stellatum 1 Star Campylium Moss Moss

Sphagnum 1 Sphagnum Moss Moss

Sphagnum warnstorfii 1 Warnstorf’s Peat Moss Moss
Tomenthypnum nitens 1 Tomenthyptnum Moss Moss

Gopherus polyphemus 1 Gopher Tortoise Reptile

Carex spp. 1 Sedges Sedge

Gahnia radula 1 Thatch Saw Sedge Sedge
Lepidosperma concavum 1 Sandhill Swordsedge Sedge
Lepidosperma laterale 1 Variable Swordsedge Sedge

Ceroxylon echinulatum 1 Palm Tree

Pinus chiapensis 1 Chiapas Pine Tree

Pinus elliottii 1 Slash Pine Tree

Acacia spp. 1 Acacia Shrub Woody Plant/Shrub
Artemisia tridentata wyomingensis 1 Wyoming Big Sagebrush Woody Plant/Shrub
Banksia attenuata 1 Candlestick Banksia Woody Plant/Shrub
Plantago albicans 1 Plantain Woody Plant/Shrub
Rhanterium suaveolens 1 Arfadja Woody Plant/Shrub

to managers about the success or failure of reintroduction and
allow early detection of problems (Long et al. 2006; Hale 2017),
but assessment of ecosystem-level effects after keystone species
reintroductions is lacking. Our literature search only returned
11 publications that assessed the ecosystem-level effects of the
reintroduction of keystone species, and of those, three focused
on beavers (Castor spp.). After reintroduction, beavers resume
several keystone functions, such as influencing hydrological
processes and space use of bats (Ciechanowski et al. 2011; Law

et al. 2014), but there is a dearth of information on how other
keystone species affect their ecosystems following reintroduc-
tion, as only 11 taxa have been investigated, and most are only
the subject of a single study.

Keystone species in situ substantially influence their ecosys-
tems (Whicker & Detling 1988; Mills et al. 1993; McLaren &
Peterson 1994; Hoogland 1995; Kotliar et al. 1999; Wilmers
et al. 2003; Cosentino et al. 2014), hence, their removal may
have cascading effects (Sarnelle 1992; Mittelbach et al. 1995;
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Figure 3. Categories of keystone species (after Mills et al. 1993) studied
in publications, and the relative proportion of each category focused on.
Some studies did not have a focal keystone species (n < 69).
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Figure 4. Groups of taxa to which focal keystone species belong, and the
proportion of studies that examine a keystone species within each group.
Some studies did not have a focal keystone species (n < 69).

Estes et al. 2004; Ceballos et al. 2010; Martinez-Estévez et al.
2013). For example, in Alaska, after sea otter populations
declined, previously dense kelp forests upon which many fish
and invertebrate species relied (Schiel & Foster 2015) were
denuded by sea urchins, the preferred prey of sea otters (Estes
et al. 2004). Additionally, the removal of a top predator, the
largemouth bass (Micropterus salmoides), from a Michigan lake
allowed an increase in zooplanktivorous fish that had previously
been consumed by bass, which resulted in a decrease in zoo-
plankton (Daphnia spp.) that maintained water clarity (Mittel-
bach et al. 1995) and suppressed eutrophication (Sarnelle 1992).
Finally, declines in prairie dog populations in Mexico have
resulted in shrub invasion (Ceballos et al. 2010) and desertifi-
cation of previously occupied prairie dog colonies via soil com-
paction, increased erosion, reduced water infiltration, reduced
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Figure 5. Countries in which studies were conducted, and their relative
proportions of studies which occurred in specific geographic locales. Some
studies did not have specific locales (e.g. literature reviews; n < 69).
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Figure 6. Ecosystems inhabited by focal keystone species of study, and the
relative proportion of publications focusing on specific ecosystems. Some
studies examined more than one ecosystem (1 > 69).

soil carbon storage capacity, and reduced herbaceous biomass
(Martinez-Estévez et al. 2013).

While much is known about keystone species and effects
of their removal, it is unknown if, when, and to what extent
keystone species can resume their roles following reintroduc-
tion, especially after prolonged absence. Managers often justify
keystone reintroductions based on the anticipated or assumed
benefits to the ecosystem (Underwood & Van Pelt 2000;
Stringer & Gaywood 2016), but actual ecosystem responses
to keystone species reintroductions are poorly understood and
rarely assessed, indicated by only 0.9% of keystone species
publications that focus on ecosystem-level effects of reintro-
ductions. Furthermore, nine publications discussed evidence
of the resumption of keystone roles, and all but two were
conducted five or more years post-reintroduction. This sug-
gests that ecosystem-level responses may not immediately
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be detected after reintroduction of keystone species. Lags in
ecosystem-level responses to keystone species reintroductions
indicate that certain aspects of keystone functions may resume
at different rates, suggesting that delayed responses may not
be detected in the duration of study, and may be interpreted as
lack of response. For example, prairie dogs physically modify
their environments by burrowing, which turns soil and cycles
nutrients (Whicker & Detling 1988). After reintroduction,
prairie dogs would likely resume their role of nutrient cycling
immediately through burrowing activities, but the influence
on the biotic community (e.g. small mammals and vegetation)
may not be manifested in the short term (Davidson et al. 1999),
which could be interpreted as prairie dogs’ inability to resume
their keystone role. It is important to understand not only
potential ecosystem-level outcomes prior to implementation of
keystone species reintroduction as a management tool but also
the timeline of occurrence so that effects may be accurately
assessed and interpreted.

In addition to the aim of keystone species studies, focal taxa
and geographical region need to be broadened. Over half of the
studies that focused on keystone species reintroductions were
conducted on mammals, and the largest percentage of studies
took place in the United States. Our results are likely an artifact
of preexisting biases in the conservation literature as a whole
toward mammals (Clark & May 2002) and the United States
(Wilson et al. 2016). Mammals are typically overrepresented
in the literature because they are charismatic and may increase
awareness of broader conservation efforts, which in turn ben-
efits less charismatic species (Clark & May 2002; Cronin et al.
2014); however, the bias toward studies conducted in the United
States is more complicated. Several factors contributing to a
geographical bias are costs of open access publication, repre-
sentation in international forums, and access to social media,
which have led to countries with the greatest biodiversity, and
research need, being underrepresented in the literature (Wilson
et al. 2016).

Our review highlights the deficit of peer-reviewed articles
that assess ecosystem-level consequences of keystone species
reintroductions, a bias toward mammals as a focal taxon, and a
bias toward studies conducted in the United Sates. While stud-
ies of population dynamics of reintroduced keystone species are
important to inform managers about the success of reintroduc-
tions (Long et al. 2006; Hale 2017), more studies must focus on
ecosystem-level effects of reintroductions (Robert et al. 2015)
so that the presence, extent, and rate of ecosystem restoration
driven by keystone species can be understood. Additionally,
studies conducted on a wider variety of taxonomic groups, and
in other geographic regions, would add to the understanding of
keystone species worldwide, and increase knowledge in areas
of high conservation concern where studies are lacking. Stud-
ies of ecosystem-level effects will better inform managers as
to whether keystone species can resume their roles following
reintroduction, whether their roles are singular or part of an
interacting complex of keystone species in the system, and will
provide new insights into ecosystem management or restoration
through the reintroduction of a single species.
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