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A warming climate is driving the poleward expansion of tropical, subtropical, and
temperate plant and animal distributions. These changes have and continue to lead to
the colonization of novel organisms into areas beyond their historical ranges. While the full
scope of ecological impacts remains unclear, these expansions could alter density-
dependent interactions, habitat occupancy patterns, and food web dynamics– similar
to exotic species impacts in invaded ecosystems. Seagrasses are habitats of particular
interest, given their widespread distribution and ecosystem services. While multiple recent
studies report on the effects of the return of larger tropical herbivores in seagrass beds in
warming subtropical waters, less is known about the addition of mid-trophic level
consumers. These consumers are often key determinants of energy and nutrient
transfers from basal resources to higher order predators. Here, we discuss the
potential impacts of these distribution changes on temperate and subtropical seagrass
communities using information derived from invasive species studies. Notably, we outline
several scenarios and generate predictions about how their establishment might occur
and speculate on impacts of warmer water consumers as they move poleward. We also
discuss potential confounding factors of detecting changes in these consumer
distributions. Following the invasive species literature, we offer a framework for
generating hypotheses and predicting effects from these range-expanding organisms.
Given that climates are predicted to continue to warm into the future, thus facilitating
additional species expansions, our goal is to guide future research efforts and provide
information for rapid dissemination and utility for this growing subdiscipline of
marine ecology.

Keywords: climate change, exotic species, range expansions, tropical, plant-animal interactions, submerged
aquatic vegetation
INTRODUCTION

Globally, temperatures are projected to increase by as much as 4.5°C this century, with the
“overwhelming majority of regional climate effects on terrestrial species revealing consistent
responses to warming trends, including poleward and elevational range shifts of flora and fauna’’
(Bernstein et al., 2008; Sorte et al., 2010). Ocean ecologists have similarly documented the poleward
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expansion of species (often referred to as “tropicalization,”
although expansion across other climate zones occur). With
the elimination of allopatric thermal dispersal barriers, new
records of non-endemic occurrences in subtropical, temperate,
and polar waters are now common (Figure 1). An extensive
survey of marine range extensions along the Pacific coast of the
United States, for example, documented the poleward movement
of some 128 (primarily invertebrate) species (Sorte et al., 2010),
with 11 negatively impacting newly colonized ecosystems. Since
then, additional studies have highlighted examples of expanding
distributions poleward (Fodrie et al., 2010, e Costa et al., 2014;
Vergés et al., 2016). We, and others (Dunstan and Bax, 2007;
Sorte et al., 2010), find movement of warmer water species into
new areas analogous to introductions of non-native species.

Losses of biological diversity continue to be driven by the
effects of multiple historical stressors, chief among these is the
introduction (intentional or accidental) of invasive species into
areas outside their historical geographic ranges (also known as
Frontiers in Marine Science | www.frontiersin.org 2
exotic species and/or nonnative species). As with invasive
species, historical reductions of endemic biodiversity may
facilitate the poleward expansion of warm-water organisms no
longer limited by thermal barriers. In each case, this should lead
to the mixing of the endemic species assemblages (“Wallace’s
Realm’s,” Elton, 1958) with new species for which no
evolutionary history exists. This lack of a shared history
between invasive and endemic species is hypothesized to
negatively impact native species.

The potential impacts of novel species in critical nursery areas
are of special concern for many habitats. Seagrasses, for example,
are a widespread foundation species that provide ecosystem
services ranging from nutrient and carbon dioxide sequestration
and erosion protection to predation refuge and sustenance
(Duarte, 2000; Heck et al., 2003; Orth et al., 2020). These plants
are not immune to anthropogenic disturbances, with decreasing
areal coverage globally (Orth et al., 2006; Waycott et al., 2009).
While mechanisms of decline vary, chronic disturbances make
FIGURE 1 | Conceptual diagram highlighting a subset of the important factors influencing the poleward geographic expansion and effects of mesopredators in
seagrass ecosystems. Specific attention is given to drivers facilitating establishment, factors influencing success once established, and impacts within the expanded
geographic range.
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these habitats, and their faunal constituents, prone to
establishment by invasive and range-expanding species. Indeed,
seagrasses now support a number of novel, warm-water
consumers: Sea Bream Archosargus rhomboidalis (Seyoum et al.,
2020), blue crab Callinectes sapidus (Johnson, 2015), Common
Snook Centropomus undecimalus (Purtlebaugh et al., 2020), Grey
Snapper Lutjanus griseus (Hare et al., 2012), Tarpon Megalops
atlanticus ((Mace et al., 2020), Ornate Wrasse Thallasoma pavo
(Encarnação et al., 2019), among others.

Here, we use concepts developed in the invasion literature to
predict how mid-level consumers (hereafter referred to as
mesopredators) might become established and impact
subtropical and temperate seagrass ecosystems. We focus on
mesopredators, primarily fishes and macroinvertebrates, as the
return of tropical herbivores in seagrasses are now well
recognized (Heck et al., 2015; Hyndes et al., 2017; Zarco-
Perello et al., 2019). Importantly, mesopredators can be strong
interactors (i.e., having disproportionate impacts on food web
structure) and we predict that over time their poleward
expansion will alter density-dependent interactions, probably
in unexpected ways. These consumers are key trophic
intermediates and may utilize unrecognized foraging behaviors
to capture endemic, naive prey who do not perceive these new
consumers to be threats (Martin, 2014; Anton et al., 2016).
Moreover, we concentrate on mesopredators as higher-order,
larger predators already have extensive home ranges that
integrate multiple habitats and energy sources (Keppeler
et al., 2021).
PREDICTIONS

Based on invasive species literature, we propose a framework for
predicting favorable environmental requirements and natural
history characteristics that facilitates establishment and
subsequent impacts of mesopredators on subtropical and
temperate seagrass communities (Figure 1). Specifically, we
predict that:

1. Movement of warmer water species into subtropical and
temperate seagrasses will depend on reproductive and
recruitment strategies that provide persistent supplies of
propagules/recruits (Leung and Mandrak, 2007),

2. Subsequent recruit survival will be contingent on matching
habitats of origin with newly colonized habitats with similar
abiotic conditions (sensu Stohlgren et al., 2005),

3. Initially, warm water mesopredators may rely on winter
temperature refugia, including groundwater discharge or
offshore habitats for overwintering (sensu Peterson et al.,
2005),

4. Marine heatwaves are increasing in frequency and intensity
(Oliver et al., 2021), thus rapidly making conditions tolerable
to warmer water species,

5. Colonization will be more successful in seagrass ecosystems
characterized by frequent disturbances that decrease endemic
biodiversity, opening vacant niches for exploitation (sensu
With, 2004),
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6. Mesopredators must avoid detection by larger, endemic
predators, at least until they can adapt to a new suite of
predators,

7. If colonizers are strong interactors, they will dramatically
restructure food web interactions (due to prey naivete, trait/
behaviorally mediated indirect interactions, etc.),

8. Density dependence, in the form of intraguild predation,
cannibalism, disease/epizootics, or parasites, may limit naïve/
undefended mesopredator establishment in invaded regions,
and

9. Additional export of warm-water species into historically
cooler areas will progress as temperatures warm and
expansions will continue in a stepwise fashion.
CONSUMER ESTABLISHMENT
IN NOVEL ECOSYSTEMS

The high biological diversity of successionally-mature
communities exists at, or near, a saturation point (Sax and
Gaines, 2008). This saturation point is hypothesized to limit the
successful colonization of new species (“invasion resistance,”
Stachowicz et al., 1999). As such, undisturbed subtropical and
temperate seagrass communities may resist the poleward
movement of warm water mesopredators. Interactions between
resident organisms and warm-water colonizers, with no
evolutionary history, may further limit their persistence and
facilitate endemic species adapted to the frequency and
magnitude of local disturbance regimes. Given the
intensification of anthropogenic impacts in marine ecosystems,
however, resistance to invasions/expansions will likely wane over
time. Reductions in the incidences of extreme winter temperatures
that once limited the distribution of these mesopredators may
make colonization sustainable (Fodrie et al., 2010; Purtlebaugh
et al., 2020) and ultimately lead to the competitive exclusion and/
or predation of endemic species (sensuMartin et al., 2010). When
added to other historical stressors (e.g., overharvesting, introduced
species, habitat loss, pollution, etc.), temperature increases may
represent a catastrophic threat to resident stenothermic fauna and
seagrass resilience, allowing warmer water species to
expand poleward.

Guidance on how the initial establishment of mesopredators
will occur can be found in the invasive species and
metacommunity literature. As thermal barriers degrade, years
of propagule settlement from established source populations
should lead to subsequent survival in newly colonized areas
(albeit sinks, initially), as documented for invasions (Bhaud et al.,
1995; Lockwood et al., 2005). Establishment of “pseudo-
populations” will initially occur, especially during favorable
climate conditions, but may not be sustainable if elevated
mortality occurs during future episodic cold events (Sanford
et al., 2006). Invasive species models assume the distance that
invasive species propagules spread (e.g., seed shadows, plant
dispersal, and mark-recapture) and dispersal distances are
typically leptokurtic (i.e., dispersal occurs slowly and decreases
May 2022 | Volume 9 | Article 867173
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exponentially with increasing distance from a source population)
(Marchetti et al., 2004; Leung and Mandrak, 2007). Survival will
be low initially thus rendering newly-colonized seagrass sinks
(Figures 1, 2), and this early phase of colonization may go
undetected/unnoticed as few nations conduct sustained or
extensive seagrass or faunal monitoring programs (Figure 2).
This implies that mesopredator populations will establish
gradually, perhaps initially restricted to deeper, temperature-
stable locations (where little/no monitoring, for the most part,
occurs). As mesopredator biomass increases, recruitment should
intensify, and warming will lead to successful establishment.

Numerous other factors may also influence mesopredator
establishment in seagrasses. The three-dimensional structure
provided by seagrass may prevent the extirpation of new
recruits via reduced foraging success and encounter rates,
enhancing establishment of expanding species (Heck et al.,
2003). Warm-water species may require unique, trait-mediated
defenses to remain undetected by endemic predators. Thus,
predictions about the successful invasion of future climate
vagrants should include detailed assessments of natural history,
including species-specific life history, reproductive, and
behavioral information. Assuming that populations can survive
repeated episodic bouts of cold/mild weather in new habitats and
reproduce locally, populations should eventually increase
exponentially, similar to invasive species such as lionfish
(Scyphers et al., 2015), and poleward expansion will continue
to progress (Figure 2).

Geographic considerations are an influential consideration
for successful expansion, including proximity to thermal refuges
and optimal habitats. To better understand how mesopredators
establish initially, the identification and distance to source
populations and the proximity to various sources of thermal
refugia are critical. These include anthropogenic sources (such as
power plants, Carr and Milstein, 2018), offshore/deep waters
(Lamont et al., 2018), or groundwater vents/seeps (Laist et al.,
2013), all of which may allow initial winter survival. Unlike
shallow coastal waters that experience periodic winter storms,
climate-expanding mesopredators may need thermally-stable,
deeper water seagrasses initially, such as those found along
western Australia, the Mediterranean Sea, and the Big Bend
area of Florida (USA). Again, however, little/no monitoring
occurs in such deeper waters, and early stages of establishment
may be missed. Similar geographic concerns including
connectivity within the seascape may also limit the successful
poleward movement of mesopredators if their life history
requires multiple habitats across life stages (i.e, ontogenetic
niche requirements). As such, seagrasses occurring near
hardened substrates that mimic the live bottoms and coral
reefs, assuming these alternative habitats are buffered from low
temperatures, could importantly facilitate poleward expansion.

Finally, mesopredators will not be the only trophic group
affected by temperature changes in a future ocean. Seagrasses
may also experience climate effects, and previous estimates of
herbivore increases and impacts (Heck et al., 2015), combined
with conservation successes of historically depleted turtles and
manatees (Hays, 2004; Runge et al., 2017), mean that the lush,
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three-dimensional structural refuge that seagrasses currently
provide may be diminished and both native and expanding
species will be exposed to higher levels of predation in the
future. Warming will further alter the seasonality and timing of
endemic organism phenologies (Poloczanska et al., 2013) with
ensuing effects on resident organisms. Thus, there is a need for
animals to adapt to future environmental conditions and
colonization success will be determined in many cases by
plasticity in species traits (Sih et al., 2011). These critical traits
will influence individual fitness and species success, and if
expanding species can respond rapidly to changing
environmental conditions, and changes in the endemic
ecosystem (including local community, diseases/epizootics, etc.),
they may persist. If evolutionary history has also produced traits
that facilitate a rapid response to such challenges (short generation
times, high reproduction, suitable genetic heterozygosity in key
traits, etc.; see Hendry et al., 2011), then expanding mesopredators
should respond favorably to future stochastic environments. In
general, these hypotheses align with traditional disturbance theory,
with one exception: responses to disturbance need to closely
parallel the frequency of environmental changes and concurrent
impacts on the endemic community.
IMPACTS OF MESOPREDATORS
POST-ESTABLISHMENT

Concerns about potential impacts to resident fauna and flora by
expanding mesopredators distributions are, in many cases,
driven by documented negative impacts from invasive species.
While invasive species are known to impact food webs (Deudero
et al., 2011; David et al., 2017), others highlight the idiosyncratic
impacts of these species on recipient ecosystems (Davis, 2003).
Specifically, the trophic level of introduction often determines
the severity of ecosystem impacts, with higher order consumers
negatively impacting endemic biodiversity more than primary
producers (primarily via predation; Sax and Gaines, 2008; David
et al., 2017). Invasive basal resources have unexpectedly led to
local increases in species richness (Cleland et al., 2004; Smith
et al., 2004; Capers et al., 2007; Martin and Valentine, 2012).
However, top-down consumption of lower order organisms can
exert strong controlling influences over food web structure (Heck
and Valentine, 2007). The indirect effects (trait and behaviorally
mediated indirect interactions) of higher trophic levels can also
exacerbate mesopredator’s negative impacts (“the ecology of
fear,” Brown and Kotler, 2007). Even when comprehensive
monitoring is in place (which often lacks invertebrates, larval
stages, or epizootics), seldom are these processes or
impacts documented.

It is widely recognized in the biodiversity literature that
consumer identity drives the intensity of many ecological
processes (Bruno et al., 2005; Duffy, 2006). As such, life history
and morphological species traits will be an important determinant
of species success in novel environments (Tabak et al., 2018). Of
these traits, behavioral plasticity is critically important (Sih et al.,
2004, (Hendry et al., 2011). Assuming novel predators establish
May 2022 | Volume 9 | Article 867173
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A

B

FIGURE 2 | Source-sink metacommunity ecology can inform the spread of warmer water species into areas not previously tolerable (Lockwood et al., 2013). We
predict that early in the process, source populations may exist that fuel sinks during short-term, favorable conditions (A, 1) and as temperatures continue to warm
over time these sinks become sources (A, 2). Novel organisms will be below a detectable threshold for many gear types and monitoring strategies early and as
abundance increases become more detectable (A, 3). Latitudinal abundance (L) will also change over time (T), as conditions change there will be less occurrences
below a species thermal tolerance and sinks become source populations (B, 1). In this way, we predict abundance will increase over time and species can move
poleward in a stepwise fashion (B, 2).
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themselves in seagrass habitats with a rich prey abundance, and that
they recognize resident species as prey, the response of endemic
fauna may represent a novel aspect of this interaction (Sih et al.,
2010) and it seems probable that revisiting historical predator-prey
theory could provide productive insights into future investigations.
Not all colonizingmesopredators will be strong interactors, but even
the addition of weakly-interacting species could increase
biodiversity, amplifying density-dependent interactions and
stimulating more complete use of basal resources. It is also
possible that weak interactors can become strong interactors in
their new range.

Antipredator strategies are a fundamental function of
perceptual and cognitive capabilities of prey (Sih et al., 2011;
Carthey and Banks, 2014; Greggor et al., 2015). In general, most
prey possess behavioral strategies that allow them to avoid
detection and/or capture by predators. In most marine
ecosystems, prey risk attack from multiple consumers whose
interactions are not always additive, and novel mesopredators
could render historically effective antipredator behaviors useless
(Sih et al., 2011).We predict that one of two scenarios could occur:
1) a “general predator response” in which many endemic fauna
may recognize these new mesopredators as being similar to
endemic predators for which they have a long evolutionary
histories (thus, effects will be minimal), or 2) a “specific predator
response” in which prey recognize species-specific traits for use as
antipredator cues (thus effects will be large). This, however, may be
an oversimplification, as Carthey and Blumstein (2018) outlined
11 different responses from complete naivete to various levels of
recognition and reactions when describing novel predator-prey
co-occurrences (Banks and Dickman, 2007). Should the top-down
effects of introductions become additive, prey would be forced to
survive in a food web with unprecedented consumer richness,
unless intraguild predation or cannibalism among these
consumer’s self-limit.

Finally, it is important to note that contemporary organisms
descended from ancestors that weathered similar environmental
and evolutionary changes during the Mesozoic Revolution and
other warmer periods. As a result, predators and prey have evolved
a diverse array of attack and defense strategies that have altered the
intensity of predator-prey and life history strategies. This suggests
it is possible this could happen again in a warming ocean.
DISCUSSION

Climate-induced environmental changes will continue to drive the
poleward expansions of consumers into subtropical and temperate
seagrasses. Recent examples highlight the impacts of the rapid
expansion of vertebrate herbivores (Heck et al., 2015; Hyndes
et al., 2017; Zarco-Perello et al., 2019). Prior to targeted
overfishing, top predators have always had large home ranges
with effects dispersed over time and space, although there is some
evidence these patterns are changing (Hammerschlag et al., 2022).
In contrast, mesopredators have strong, local effects that can
determine ecological patterns via direct and indirect top-down
processes (Heck et al., 2000). In this perspective, we discussed the
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possibilities for future colonization of poleward seagrass beds by
warmer water mesopredators and the potential and mechanisms
for trophic alterations based on invasive literature.

We offer several suggestions for future conservation, research,
and management priorities. Future efforts will be well-served to
establish comprehensive monitoring plans that consider both
natural history and ecosystem properties and compile all
available information to document historical assemblages and
forecast future seagrass communities. It is likely that
mesopredator expansions have been historically underestimated
(Sorte et al., 2010) or relegated to obscure gray literature or natural
history reports. An absence of published baseline studies on
various aspects of seagrass communities (e.g., environmental
variables, seagrass metrics, seasonal dynamics, etc.) hamper our
ability to predict the effects of future disturbances. This was clearly
illustrated after the Deepwater Horizon oil spill in the Gulf of
Mexico (Martin et al., 2020), when an absence of historical data
precluded traditional before-after-control-impact designs from
impact assessments. We suggest that agencies consider
additional funding to: 1) scour publicly available databases and
obscure literature to generate georeferenced species inventories, 2)
enhance monitoring efforts to supplement limited historical
information for comparisons with current information on
species distributions, 3) develop additional predictions for
seagrass based on other, nearby (and perhaps better studied)
ecosystems such as reefs or kelp beds, 4) maintain strong
conservation efforts to minimize confounding effects from
unrelated disturbances (described below), and 5) carefully
consider future management and regulatory actions for novel
species. Regarding the last point, many agencies are reluctant to
suggest management changes or control efforts for expanding
warmer water species; however, we posit that a priori guidelines
are needed to properly control populations using best available
information if populations pose threats to resident ecosystems.
Without changes to ambient temperatures driving expansion, any
control efforts may be futile. Preparation for future short-duration,
intense colder periods may be fruitful; although long-term trends
in rising temperatures (and specifically minimum temperatures)
are apparent, evidence exists that jet streams driven by the
anomaly between polar and temperate regions are becoming less
stable resulting in greater oscillation. This weakening has
produced strong cold fronts into lower latitudes (“polar
vortexes,” Francis et al., 2017). With more warmer water species
expanding into historically cooler regions, these fronts have
catastrophic potential for expanding species (Foley et al., 2007).

Finally, we caution attributing changes in species composition to
climate change without applying appropriate scientific verification.
Ecosystem structure and function can change for a variety of
reasons, including, but not limited to, changes in recruitment/year
class strength of resident organisms, the frequency and intensity
local disturbances, larger scale patterns and stressors unrelated to
climate change, and successful conservation efforts for species such
as turtles. Most notably, confounding factors (e.g., concurrent
hydrological changes, overharvesting, etc.) should be considered
to the extent possible. The successful conservation of seagrass
ecosystems and the ecosystem services they provide depends on
May 2022 | Volume 9 | Article 867173
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rigorous and replicable scientific approaches, and we postulate that
mesopredators will play a large role in future climate-driven changes
in seagrass beds.
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