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A B S T R A C T

Carnivore reintroduction is often expected to revert community and ecosystem properties to their natural states
via risk effects and the direct killing of prey. Because large carnivore extirpation and reintroduction are usually
believed to have symmetric and offsetting effects, fulfilling this “assumption of reciprocity” is crucial to realizing
the potential of large carnivores to passively restore community structure and ecosystem function. We were
unable to find any study in which the assumption of reciprocity was rigorously tested in predator-prey systems
featuring large carnivores, their ungulate prey, and primary producers through a comprehensive literature
search. We therefore used studies involving (1) the reintroduction of any native apex predator (including but not
limited to large mammalian carnivores); and (2) the removal of any introduced apex predator (also including but
not limited to large mammalian carnivores) to examine the assumption of reciprocity. Reintroduction of native
apex predators did not consistently affect any of four trophic groups (mesopredator, omnivore, herbivore, pri-
mary producer) in a positive or negative way, but removal of introduced apex predators consistently increased
the abundance and biomass of mesopredators. Further, outcomes of apex predator reintroduction and removal
were variable across systems, regardless of system complexity (ranging from single predator-single prey to
multiple predator-multiple prey systems). We suggest that the assumption of reciprocity—in which predator
extirpation and reintroduction are believed to have consistent, counterbalancing effects—is unsupported by
current evidence, and perhaps unrealistic. We discuss potential directions for research that might illuminate
when and why the assumption of reciprocity would be valid.

1. Introduction

Predation is one of nature's most important processes, shaping po-
pulation abundance, community structure, and ecosystem dynamics.
Regional distributions of large carnivores have changed in the past
century, owing to both the widespread extirpation of some species and
subsequent recovery of others (Chapron et al., 2014; Estes et al., 2011;
Gompper et al., 2015; Ripple et al., 2014). The reintroduction of large
carnivores may trigger trophic cascades by reducing prey densities or
altering prey behavior (Bakker and Svenning, 2018; Ripple et al., 2014;
Svenning et al., 2016). Attempts to reintroduce large carnivores to
ecosystems therefore are heralded not only as an end in themselves, but
also for their potential to restore community structure and ecosystem

function via trophic cascades (Andriuzzi and Wall, 2018; Beschta and
Ripple, 2009; Newsome and Ripple, 2015; Ordiz et al., 2013).

The assumption that large carnivore reintroductions will result in
consistent, cascading effects is critical for realizing any higher-level
restorative effects, albeit rarely tested (Allen et al., 2017; Ford and
Goheen, 2015). We refer to the notion that large carnivore extirpation
and reintroduction have symmetric, counterbalancing effects as the
“assumption of reciprocity” (Fig. 1), a special case of resilience (sensu
Holling, 1973) in which altered communities, ecosystems, or both re-
turn to historical states following reintroduction of large carnivores.
Extirpation and reintroduction of large carnivores are often envisioned
as natural experiments that mimic removal and addition experiments,
thereby providing insight into whether, how, and why large carnivores
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impact higher-level ecological patterns and processes (Allen et al.,
2017; Ford and Goheen, 2015).

Despite the frequent assumption of reciprocity, however, a number
of contextual factors may reorganize communities and ecosystems in
ways that prevent reversion to a historical state (discussed below; see
Ford et al., 2015; Marshall et al., 2013). These factors include shifts in
environmental conditions, shifts in land-use patterns, or conservation
interventions during the period of carnivore reintroduction. For ex-
ample, although most agree that the reintroduction of wolves into the
Greater Yellowstone Ecosystem begat a series of trophic cascades that
altered Yellowstone's biotic communities (Beschta and Ripple, 2016;
Ripple and Beschta, 2012), wolf reintroduction coincided with in-
creased drought (Middleton et al., 2013), regeneration after an ex-
pansive series of wildfires (Romme et al., 2011), and recolonization by
beavers (Smith and Tyers, 2012), rendering it difficult to determine
precisely the extent to which subsequent changes to Yellowstone's
biotic communities can be attributed to wolves. As a result, a nuanced
view of the restorative potential for large carnivores via cascading
trophic effects is required: predators can have different effects at dif-
ferent times and in different places (Haswell et al., 2017; Paine, 1966;
Vaughn and Young, 2010). Our ability to predict the impacts of large
carnivore reintroduction should thus depend on a host of contextual
details (Agrawal et al., 2007; Ford and Goheen, 2015; Heithaus et al.,
2009; Ritchie et al., 2012).

One such source of contingency is the degree of reticulation in food
webs. Reticulate food webs involve at least some functional overlap,
wherein reduced consumption of prey (i.e., animals for predators,
plants for herbivores) stemming from predator extirpation is compen-
sated for by other, functionally redundant, predators in the community
(Polis and Strong, 1996; Strong, 1992). In predator-prey systems de-
fined by multiple species of large carnivores, multiple species of prey,
or both, any cascading effects of large carnivore extirpation or re-
introduction are likely dampened relative to simpler systems lacking
reticulation (i.e., food chains with a single large carnivore and a single
species of prey; Borer et al., 2005; Shurin et al., 2002; Trussell et al.,
2017). Reintroduction of large carnivores should therefore have the
most pronounced impacts in relatively simple predator-prey systems, or
in predator-prey systems where extirpated large carnivores or the her-
bivorous prey on which they depend exhibit minimal functional overlap
with those large carnivores or herbivorous prey that persist (Otieno
et al., 2019; Pringle et al., 2016).

Assuming that large carnivore extirpation alleviates top-down

control on at least some species of prey, three conditions must be true
for the assumption of reciprocity to be upheld:

Condition 1: prey populations (typically ungulate populations, with
respect to large carnivores) decrease or redistribute themselves on the
landscape when large carnivores are reintroduced (Creel et al., 2005;
Elmhagen and Rushton, 2007; Fortin et al., 2005).

Condition 2: biomass, growth, survival, or composition of primary
producers shifts when prey become rare or redistribute themselves on
the landscape in response to large carnivore reintroduction (Ford et al.,
2014; Hebblewhite et al., 2005; Morris and Letnic, 2017). In other
words, a trophic cascade is triggered by the reintroduction of large
carnivores.

Condition 3: the trophic cascade arising from Conditions 1 and 2
yields a return to one or more historical states (or “reference points”;
Sinclair et al., 2018) that existed before large carnivores were ex-
tirpated.

In the simplest cases (one species of large carnivore, one species of
ungulate prey, primary producers), reciprocity occurs when Condition
1, 2, and 3 are true (i.e., a trophic cascade occurs, and the magnitude of
its effects are sufficient to return the community or ecosystem to its
historical state; Fig. 1A). Alternatively, the reintroduction of a large
carnivore may not result in reciprocity because of hysteresis. Hyster-
esis—in this context, the existence of variable abundances or compo-
sitions of prey and primary producers given the presence of the same
species of large carnivore—occurs when neither Condition 1 nor Con-
dition 2 are true (Stier et al., 2016; Young et al., 2005; Fig. 1B). An
alternative state may occur when either Condition 1 or Condition 2 is
true, or when both Condition 1 and Condition 2 are true, but the effect
of one or both differs from their historical effects (Ford et al., 2015;
Marshall et al., 2013; Ng'weno et al., 2017; Fig. 1C).

To understand whether the assumption of reciprocity is upheld
following large carnivore reintroductions, we conducted a meta-ana-
lysis on data derived from keyword searches on the published literature
to identify studies involving the removal or addition of large carnivores.
Specifically, we sought studies on reintroductions of extirpated species
of large carnivores to parts of their historical ranges. Such studies were
rare, however (n=6 from our literature search; see below), so we ex-
tended our search to include other apex predators, which we defined
operationally as any predator not consumed by other predators in the
focal study. Because reciprocity assumes symmetric and opposing ef-
fects of carnivore addition and removal, we also included studies in-
volving the removal of exotic apex predators from their introduced

Historical Baseline
(pre-1950s)

Restoration of Lions
(1980s - present)

Lethal Control of Lions
(1950s – 1980s)

Fig. 1. A schematic illustrating the as-
sumption of reciprocity, and alternative
scenarios under which the assumption is
not met. (A) The assumption of reciprocity,
in which lion recovery has an equivalent
and counterbalancing effect to lion ex-
tirpation. In this example, the ca. 30-year
extirpation of lions triggered an increase in
their preferred prey (hartebeest); recovery
of lions returned hartebeest populations to
levels comparable with the historical state.
(B) A violation of the assumption of re-
ciprocity (hysteresis), in which lion re-
covery does not affect hartebeest abun-
dance. In this example, lion extirpation
allowed hartebeest populations to increase
in size past a threshold below which they
were limited top-down. (C) A violation of
the assumption of reciprocity (an alter-
native stable state), in which lion recovery
has an anisotropic effect to extirpation. In
this example, fire suppression during the

ca. 30-year period of lion extirpation resulted in an increase in tree density, rendering lions more effective at killing hartebeest, and resulting in fewer hartebeest
relative to the historical state. Examples based on Ng'weno et al., 2017, Ng'weno et al., in press, and Ng'weno et al., in revision.
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ranges. We expected to find support for the aforementioned three
conditions (i.e., that effects induced by the reintroduction of native
predators or the removal of invasive predators were reciprocal to ex-
tirpation and introduction, respectively). Specifically, (1) reintroduc-
tion of native apex predators reduces the abundance of their prey
(distinguishing between herbivores, omnivores, and mesopredators), in
turn leading to increased primary producer abundance; and (2) removal
of introduced apex predators results in increased prey abundance and
decreased abundance of primary producers. We expected the strongest
support for the assumption of reciprocity to exist in cases involving a
single species of predator consuming a single species of prey, with
multiple species of predators, prey, or both dampening any indirect
effects of carnivores (Otieno et al., 2019; Polis and Strong, 1996).

2. Methods

2.1. Literature search

We searched peer-reviewed publications for manipulative or natural
experiments that quantified responses of both prey and primary pro-
ducers to native predator reintroduction or to the removal of invasive
predators. We used the Web of Science Core Collection and the search
terms: ((((carnivor* OR predator*) AND (communit* OR ecosystem)
AND (*coloniz* OR reintroduc* OR removal* OR eradicat* OR restor*
OR introduc* OR invas* OR exotic*) AND (multiple state* OR multiple
stable state* OR ecosystem function* OR alternate state* OR alternative
stable state* OR recover* OR resilience* OR stable state* OR regime
shift* OR hysteresis OR trophic cascade*)))). The initial search resulted
in 1816 articles published up to May 2018. We refined this list of papers
to a final dataset comprising responses to reintroduction and removal
events (Tables A.1, A.2) based on the following criteria: (1) re-
introduction of an extirpated native apex predator or removal of an
introduced apex predator; and (2) abundance or biomass data of both
prey and primary producers for at least two of the following three
consecutive time steps: before extirpation or introduction of an apex
predator, during extirpation or invasion of apex predator, and after
reintroduction or removal of apex predator. Data were extracted from
tables, text, and figures. All resulting data consisted of the latter two
time steps (i.e., during and after extirpation or invasion). Following
Shurin et al. (2002), we used the final sampling date as a proxy for the
cumulative effects of predators. For studies that reported the effects on
multiple species of prey and primary producers in the same article, we
extracted data for each taxon at the finest possible resolution. Most data
are therefore for species, but some are for higher taxonomic levels. We
then categorized studies as either apex predator reintroduction or apex
predator removal and classified taxa into trophic groups (primary
producers [terrestrial plants and algae], herbivores, omnivores, or
mesopredators). We defined apex predators as any predator in a food
web that is not consumed by any other species in that food web.
Therefore, our operational definition of “apex predator” encompassed
species that otherwise could qualify as mesopredators in the presence of
other species that consume them.

2.2. Meta-analysis

Because the historical states from the study systems in our dataset
were not quantified, we assumed that trophic responses by prey and
primary producers would follow the patterns laid out in the final
paragraph of our Introduction: that (1) reintroduction of native apex
predators reduces the abundance of their prey (distinguishing between
herbivores, omnivores, and mesopredators), in turn leading to in-
creased primary producer abundance; and (2) removal of introduced
apex predators results in increased prey abundance and decreased
abundance of primary producers. Predictions that follow these patterns
are pervasive in the literature on large carnivore reintroduction (e.g.,
Beschta and Ripple, 2009; Callan et al., 2013; Licht et al., 2010; Malhi

et al., 2016; Soule et al., 2003). To quantify our predicted trophic re-
sponses, we calculated the effects of apex predator reintroduction or
apex predator removal as the log response ratio (LRR) of primary
producer and prey densities (Hedges et al., 1999). The LRR is calculated
as [ln(Ytreatment) / (Ycontrol)], where Ycontrol is the density or abundance
of a species of primary producer or prey prior to apex predator re-
introduction or removal, and Ytreatment is the density or abundance of
primary producer or prey following the reintroduction or removal of
apex predators. The log ratio represents the proportional change in a
response variable, where a positive LRR indicates that the reintroduc-
tion or removal of an apex predator increases the abundance or biomass
of prey or plants. We regressed LRRs against study duration to ensure
the final (cumulative) effects reported in studies did not represent
transient dynamics (Hastings, 2004).

Although the precision of LRR estimates varied between studies in
our data set, we did not weight values by their precision, nor did we
scale LRRs to the duration of experiments for the reasons articulated by
Shurin et al. (2002). Namely, 9 of 20 studies in our data set were un-
replicated, and 7 others did not report variance or other metrics of
variability. Eliminating studies without variance estimates would have
reduced our sample size and possibly biased our data set (Englund
et al., 1999). Using unweighted LRR estimates would weaken our power
to detect differences among systems (i.e., inflating Type II error), but
does not bias our estimates of effect sizes (Gurevitch and Hedges, 1999;
Hedges et al., 1999).

To assess variation in responses among taxa, we first split the data
into two treatments (reintroduction studies and removal studies) and
visualized the LRR across trophic groups. We then tested for differences
in LRRs among trophic groups within each treatment type using one-
way Kruskal-Wallis rank sum tests and tested whether the median LRR
for trophic groups was significantly different from zero using Wilcoxon
rank sum tests and Bonferroni corrections for multiple comparisons.

Next, we examined changes in LRRs among trophic groups within
four types of predator-prey systems (single predator/single prey, single
predator/multi-prey, multi-predator/single prey, and multi-predator/
multi-prey systems). Differences in LRRs among trophic groups within
each treatment× study system combination were evaluated with one-
way Kruskal-Wallis non-parametric rank sum tests. We then tested
whether the average LRR for trophic groups within each treat-
ment× study system combination was significantly different from zero
using Wilcoxon rank sum tests and Bonferroni corrections for multiple
comparisons.

Finally, we related LRRs among trophic groups within each treat-
ment to the time since apex predator reintroduction or removal using
ordinary least-squares linear regression. We also related LRRs of both
prey species and primary producers to the number of prey species in
each system using ordinary least-squares regression.

3. Results

The final dataset included 142 observations from 20 studies (Table
A.1). The 20 studies were distributed among 6 ecosystem types (islands,
deserts, forests, grasslands, lentic freshwater, and marine), comprised 7
reintroduction studies and 13 removal studies, and represented 124
unique taxa ranging from primary producers to mesopredators. Log
response ratios were unrelated to the time elapsed following re-
introduction or removal efforts (Fig. A.1).

Both reintroduction and removal studies were characterized by a
high degree of variability (Fig. 2), suggesting idiosyncratic responses of
trophic groups to the reintroduction of native apex predators or to the
removal of introduced apex predators. Within treatments, we found no
statistically significant differences in LRR among trophic groups (Fig. 3;
reintroduction studies: H= 6.48, df= 3, P=0.09; removal studies:
H= 6.42, df= 3, P=0.09), indicating that trophic groups do not
consistently differ in their response to the reintroduction or removal of
apex predators. No trophic group responded directionally to the
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Fig. 2. Log response ratios (LRRs) of
individual species, categorized into
four trophic groups (primary pro-
ducer, herbivore, omnivore, mesopre-
dator), following the (A) reintroduc-
tion of native apex predators; or (B)
removal of introduced apex predators.
In panel A, the LRR is calculated as [ln
(Yreintroduction) / (Yextirpation)], such
that positive LRRs indicate a positive
response of abundance or biomass of
the individual species or trophic group
following the reintroduction of native
apex predators. In panel B, the LRR is
calculated as [ln(Yremoval) / (Yinvaded)],
such that positive LRRs indicate a
positive response of abundance or
biomass of the individual species or
trophic group following the removal
of introduced apex predators. The
observed variability in LRR suggests
idiosyncratic responses of trophic
groups to the reintroduction of native
apex predators and to the removal of
introduced apex predators.
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reintroduction of native apex predators (Fig. 3A), but mesopredators
responded positively to the removal of introduced apex predators
(Z=287, P=0.01; Fig. 3B).

Of the 20 studies in our dataset, 7 were single predator, single prey
systems, 13 involved a single predator and multiple prey species, and
none involved multiple predators and multiple prey systems or systems
with multiple predators with a single species of prey (Table A.1). The
number of prey species in a system had no effect on the magnitude of
either prey or primary producer LRRs (Fig. A.2). Within each treat-
ment× study system combination, we found no significant differences
in LRR among trophic groups (Fig. 4). Further, Wilcoxon signed-rank
tests revealed that only mesopredators in removal studies with single
predator-multiple prey systems had mean LRR values significantly dif-
ferent from zero (Z=254, P=0.003; Fig. 4). Together, these results
suggest that outcomes of apex predator reintroduction and removal are
highly variable across both simple and multi-species predator-prey
systems.

4. Discussion

Responses of trophic groups to the reintroduction and removal of
native and apex predators varied widely. We quantified responses of
four trophic groups—mesopredators, omnivores, herbivores, and

primary producers—to the reintroduction of native apex predators, and
to the removal of introduced apex predators. Mesopredators responded
most strongly to removal and reintroduction of apex predators, al-
though assessment of responses by mesopredators to the reintroduction
of apex predators was limited by sample size (Fig. 2B). Among species
interactions, this “mesopredator release” is unusual in its universality: it
occurs almost invariably when apex predators are removed from a
system (Prugh et al., 2009). If functional overlap occurs between apex
predators and mesopredators, responses of herbivores and primary
producers may be dampened following removal (or introduction) of
apex predators. In contrast, because only apex predators are capable of
consuming mesopredators, mesopredators may be the only trophic
group that responds consistently to removal (or introduction) of apex
predators.

Contingent outcomes of species interactions are common, and our
results demonstrate that they are pervasive following reintroduction
and removal of apex predators. Though we were unable to test for the
full assumption of reciprocity because of a shortage of historical re-
ference point data, predicting the direction of trophic responses is a
necessary first step toward reaching that goal. Our study demonstrates
that simply predicting the direction of trophic responses is challengin-
g—responses by lower trophic levels to apex predator removal and
reintroduction are often not predictable (Figs. 1, 2). For example,

Fig. 3. Summary of log response ratios (LRRs) among four trophic groups (primary producer, herbivore, omnivore, mesopredator) following the (A) reintroduction of
native apex predators, or (B) removal of introduced apex predators. Within treatments, we found no statistically significant differences in LRR among trophic groups
using one-way Kruskal-Wallis rank-sum tests. P-values given in figure correspond to results from non-parametric Wilcoxon signed rank tests and indicate that
mesopredators and herbivores exhibit a positive numerical response to predator removal actions.
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recolonization of Laikipia, Kenya by African wild dogs (Lycaon pictus)
suppressed densities of primary prey (Guenther's dik-dik [Madoqua
guentheri]) which suppressed growth of some species of trees, but wild
dog recolonization did not translate to a trophic cascade. Ford et al.
(2015) hypothesized that some combination of increased rainfall and
compensatory browsing by other ungulates attenuated the effects of
wild dog recolonization on these trees. Similarly, Marshall et al. (2013)
demonstrated that shifts in stream hydrology driven by beaver ex-
tirpation prevented the restoration of willows (Salix spp.) in many areas
following the return of wolves to the Greater Yellowstone Ecosystem.
Although wolf (Canis lupus) reintroduction reduced elk (Cervus elaphus)
abundance, a lowered water table and resulting changes in nutrient
availability gave rise to an alternative stable state in beaver-free areas
that was resilient to shifts in elk abundance stemming from wolf re-
introduction. In sum, pinpointing the effects of apex predator re-
introduction and removal is often complicated by shifting abiotic con-
ditions.

We found no evidence that functional redundancy among prey

species affects either prey or primary producer responses to the re-
introduction or removal of apex predators (Fig. 2.A), but this may result
from studies centering on relatively common species rather than un-
common ones. In predator-prey systems characterized by large carni-
vores and multiple species of ungulate prey, prey communities tend to
be comprised of one or a few species that are sufficiently numerous to
escape top-down control and several less common species for which
predation limits abundance (e.g., Chirima et al., 2013; Georgiadis et al.,
2007; Owen-Smith et al., 2005; Sinclair and Fryxell, 1985). Because
numerically dominant species strongly influence community structure
and ecosystem function, the reintroduction of large carnivores may
simply reduce populations of secondary species of prey that already
were uncommon before large-carnivore reintroductions and are less
likely than common species to control plant populations. Researchers
also have a strong tendency to simplify complex systems when studying
trophic relationships (Montgomery et al., 2019), and uncommon spe-
cies are less likely to be included in studies of trophic relationships due
to logistical concerns (e.g., added difficulty and cost in surveying

Fig. 4. Summary of log response ratios (LRRs) for trophic
groups across predator-prey system types from simple pre-
dator-prey systems (single species of predator, single species
of prey), versus more complex predator-prey systems (those
with multiple species of predators, multiple species of prey, or
both) following (A) the reintroduction of native apex pre-
dators; and (B) the removal of introduced apex predators.
Within treatments, one-way Kruskal-Wallis rank-sum tests
found significant differences in LRR among trophic groups
only in removal studies with a single predator and multiple
prey (H=7.68, df= 3, P=0.05). Asterisks in the figure
correspond to results from non-parametric Wilcoxon signed
rank tests and indicate that only mesopredators in removal
studies with single predator-multiple prey systems (Z=301,
P < 0.001) and herbivores in removal studies with multiple
predators-multiple prey systems (Z= 27, P=0.03), had
mean LRRs significantly different from zero.
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individuals and accurately estimating abundance). Both of these phe-
nomena could yield the muted outcomes from apex predator re-
introduction or removal we observed (Figs. 2, 3).

Our inferences regarding the assumption of reciprocity are con-
strained by a lack of experimental evidence involving both large car-
nivores and trophic cascades (Allen et al., 2017; Ford and Goheen,
2015), as well as more tractable mesocosm manipulations. To properly
evaluate the assumption of reciprocity, data on large carnivores (or
other apex predators), prey, and primary producers are required for
three distinct time steps: one in which native apex predators exist (i.e.,
a historical state), a time step in which native apex predators have been
extirpated, and a time step in which apex predators have been re-
introduced and attain population sizes comparable to the historical
state. The vast majority of studies in the literature focus on the latter
two time steps and did not report historic reference point data prior to
apex predator reintroduction (or removal, in the case of introduced
apex predators). Though baseline data on historical reference points is
very challenging to quantify in most systems, it is occasionally possible
to generate reasonable estimates of important variables—e.g., tree
density using historical photographs of known landscapes. Filling this
knowledge gap is critical for understanding whether extirpation and
reintroduction have symmetrical, offsetting impacts.

Shifts in environmental conditions are increasingly likely as the
time periods over which apex predators are extirpated increase, and it
may take some time for altered environmental conditions to revert to
historical reference points after predator reintroduction. Consequently,
there is strong potential for transient dynamics during the extirpation
and reintroduction of apex predators, where populations within trophic
groups will have not yet reached equilibrial abundances at the end of a
study (Hastings, 2001). The extent to which the assumption of re-
ciprocity is upheld should therefore depend on the amount of time over
which a native apex predator is extirpated or, conversely, an introduced
apex predator is present. In an attempt to address the possibility of
transient (non-equilibrial) dynamics, we analyzed responses of trophic
groups as a function of time elapsed since the reintroduction or removal
of apex predators. We found no evidence that the effects of apex pre-
dator reintroduction or removal are influenced by time in the studies in
our data set (Fig. A.1), indicating that the results reported for the ma-
jority of studies in our meta-analysis do not reflect transient dynamics.

Reintroduction of large carnivores can inject optimism into con-
servation efforts typically characterized by reactive approaches. Many
questions concerning the ecology of large carnivore reintroduction re-
main unanswered (see Table 1), however, particularly concerning the
consistency (and thus predictability) of higher-level effects generated
by such reintroductions. Professionals in our field might consider the
conservation importance of large carnivore reintroduction (which few
ecologists would question) as distinct from the cascading impacts of
large carnivore reintroduction, which can be significant (Letnic et al.,
2009; Ripple and Beschta, 2012), muted (Elmhagen and Rushton, 2007;
le Roux et al., 2018), or virtually non-existent (Ford et al., 2015). Re-
moving or reintroducing apex predators from ecosystems does not

appear to have predictable restorative effects, but solid confirmation
will require additional rigorous tests of this assumption of reciprocity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2019.03.021.
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