'.\' frontiers

in Marine Science

PERSPECTIVE
published: 13 November 2020
doi: 10.3389/fmars.2020.561476

OPEN ACCESS

Edited by:

Alastair Martin Mitri Baylis,

South Atlantic Environmental
Research Institute, Falkland Islands

Reviewed by:

Clive Reginald McMahon,

Sydney Institute of Marine Science,
Australia

Rebecca L. Lewison,

San Diego State University,

United States

*Correspondence:
Leo C. Gaskins
leo.gaskins@duke.edu

tPresent address:

Avery B. Paxton,

CSS-Inc., Fairfax, VA, United States;
National Centers for Coastal

Ocean Science, National Ocean
Service, National Oceanic

and Atmospheric Administration,
Beaufort, NC, United States

Specialty section:

This article was submitted to
Marine Megafauna,

a section of the journal
Frontiers in Marine Science

Received: 12 May 2020
Accepted: 22 October 2020
Published: 13 November 2020

Citation:

Gaskins LC, Paxton AB and

Silliman BR (2020) Megafauna in Salt
Marshes. Front. Mar. Sci. 7:561476.
doi: 10.3389/fmars.2020.561476

Check for
updates

Megafauna in Salt Marshes

Leo C. Gaskins*, Avery B. Paxton' and Brian R. Silliman

Duke University Marine Lab, Beaufort, NC, United States

Megafauna shape ecosystems globally through trophic interactions, ecology of fear, and
ecosystem engineering. Highly productive salt marshes at the interface of terrestrial and
marine systems have the potential to support megafauna species, but a recent global
meta-analysis of consumer-plant interactions in marshes found few studies investigated
impacts of wild megafauna. We conducted a literature review to document the variety of
megafauna in salt marshes and found that 34 species utilize salt marshes, including
sharks, manatees, pinnipeds, crocodilians, sea otters, hippos, and large terrestrial
animals, such as lions, bears and water buffalo. The use of salt marsh habitats by a
variety of megafauna may have implications for both the conservation of these large
consumers and for the resilience of coastal wetlands through stabilizing feedbacks
on plant ecosystems. Future studies should quantify the occurrence and impacts
of megafauna in salt marshes, and how their conservation can help restore these
valuable ecosystems.
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INTRODUCTION

Megafauna are animals >45 kg (100 Ibs) and shape ecosystem structure and function throughout
the world (Martin and Klein, 1989). As consumers, megafauna often regulate ecosystems through
feeding. Elephants, for instance, eat and remove trees and thereby promote competitively inferior
grasses and grasslands ecosystems (Laws, 1970). Megafauna predators can also control their prey,
and in doing so, can generate cascading effects by indirectly facilitating plant communities. For
example, sea otters, by controlling densities of hold-fast grazing urchins, indirectly facilitate entire
kelp communities (Estes and Palmisano, 1974). The indirect effects of predators can also manifest
through the fear they impose on their prey. In Shark Bay, Australia, tiger sharks create cascading
impacts through fear by driving dugongs and sea turtles to spend extended periods in unvegetated,
shallow areas thereby generating top-down release on seagrasses in deeper waters (Burkholder
et al., 2013). Large herbivores can also shape ecosystems through their non-feeding activities.
Elephants can generate animal-driven nutrient fluxes by translocating nutrients through their feces,
and models predict this activity constitutes an important nutrient supply for plants in savannah
ecosystems (Wolf et al., 2013). Rhinos consume such a large volume of grass that they alter the fire
regime in savanna ecosystems by significantly lowering the amount of fuel available to burn in large
patches (Waldram et al., 2008). Historically, the vast influence of megaherbivores has also played
an important role in shaping ecosystems, as their elimination by human hunters likely reshaped
the ecosystem types and impacted small herbivore diversity (Owen-Smith, 1987). In systems where
megafauna can occur in high densities, their impacts can be tremendous, and their loss or gain can
change ecosystems and their resilience (Waldram et al., 2008; Hughes et al., 2013). For instance, the
reemergence of sea otters on the west coast of the United States has revitalized seagrass habitats,
as sea otter consumption of crabs facilitates sea slugs that protect seagrasses from algal overgrowth
(Hughes et al., 2013).
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Megafauna are well-known to occur in a diversity of
ecosystems, including terrestrial, freshwater, and marine. Despite
their abundance in many ecosystems that occur juxtaposed to
temperate coastal shorelines, including bays, nearshore oceanic
shelves, maritime forests, and grasslands, megafauna are not
mentioned in major text books about salt marshes nor included in
the food-web models presented therein (Nybakken and Bertness,
2005; Bertness, 2007; Mitsch and Gosselink, 2007; Bertness
et al., 2014). To examine whether this pattern is prevalent
not only in textbooks but also in peer-reviewed literature, we
analyzed a global dataset of 163 studies on marsh consumer
effects (He and Silliman, 2016) extracted from 178 studies
of consumer-marsh plant interactions. This dataset revealed
that 27% of studies (44) included a species of megafauna
but that only 5 unique megafauna species were reported in
total (Supplementary Figure 1A). Within the subset of studies
reporting megafauna, 89% of studies (39) investigated 3 unique
species of domesticated livestock (horses, cows, and sheep)
while even fewer studies (5, 11%) focused on wild megafauna
(Supplementary Figure 1B), and all were terrestrial megafauna
species. These results suggest that both the number of megafauna
species and the diversity of megafauna that utilize salt marsh
habitats globally is low.

The notable and relatively recent expansions of American
alligators and sea otters into salt marshes, along with a recent
review study that found salt marshes are home to at least a few
more megafauna (e.g., crocodiles, harbor seals) (Sievers et al.,
2019), indicate that there are likely more megafauna species
that utilize salt marshes than is represented in this global meta-
analysis of top-down effects in salt marshes (He and Silliman,
2016). In southeastern United States salt marshes, for example,
researchers found that in marine protected areas, densities of
the American alligator (Alligator mississippiensis) were higher
than in comparable freshwater systems (Nifong and Silliman,
2017; Silliman et al., 2018). Alligators not only fed on marine
animals in salt marshes, but more than 50% of the gut contents
were marine animals, such as blue crabs (Callinectes sapidus),
shrimp, and string rays (Nifong and Silliman, 2013). In Elkhorn
Slough in California, sea otters (Enhydra lutris) have re-colonized
seagrasses and salt marshes and, like alligators, have thrived.
After colonization of these new habitats, sea otters quickly started
eating marsh invertebrates, with burrowing crabs now making
up 19% of the diet of the 131 otters in the slough (Tinker
et al, 2018). Taking into account the variation in body size
and that otters consume 4.53-11.34 kg daily, this means the
Elkhorn Slough otters consume between 112.75-282.25 kg daily
of burrowing marsh crabs alone (Riedman and Estes, 1990;
Tinker et al., 2018), which could have profound impacts on
the salt marsh, as marsh plants and geomorphology can be
highly regulated by crabs when their densities are high (Escapa
et al., 2007). Given the outsized impact that megafauna can
have on ecosystems, it is important to understand and quantify
their impacts in marshes. However, whether a large number of
megafauna species or a high diversity of megafauna occasionally
or commonly occur in salt marshes has yet to be examined
on a worldwide scale. To examine if textbooks and consumer
effects studies truly capture the number or diversity of megafauna

species in salt marshes, we conducted a literature review to search
for additional megafauna species that commonly use salt marsh
ecosystems as habitat.

MATERIALS AND METHODS

To investigate megafauna occurrence in salt marshes globally, we
conducted a literature review to search for documented instances
of megafauna in salt marshes. We conducted our search with the
Web of Science on 18 December 2018 using the search query:
TS = (shark® AND marsh*) OR TS = (crocodil* AND marsh*)
OR TS = (mammal* AND marsh*) OR TS = (megafauna AND
marsh) OR TS = (top predator AND marsh*) OR TS = (apex
predator AND marsh*) OR TS = (top consumer AND marsh*).
This search yielded 765 potentially relevant papers. For each
of the papers, we imported the title and abstract to Colandr
(Cheng et al., 2018) where we first reviewed titles and abstracts to
screen articles for inclusion. Articles were retained for additional
screening within Colandr if they included observations of any
animal in salt marshes. We excluded articles that were not in
English or were in freshwater but not saltwater marshes. After
the initial screening, which yielded 214 papers, we conducted
a second round of screening and retained articles where one
or more species of megafauna is documented in salt marshes.
We included animals that can reach over 45 kg (100 Ibs) at
some point in their life as megafauna, as most literature does
not report the size or weight of animals in marshes. Though
we recognize some records may have been of juveniles under
45 kg, if a species has previously been documented to reach
our 45 kg threshold, the species was included. For example,
this drove our decision for sea otters, which can reach over
45 kg in Alaska, and hence were included (Estes et al., 2016).
This definition of megafauna as >45 kg (100 Ibs) is commonly
accepted in the scientific literature (Martin and Klein, 1989), and
mass is the most commonly used way of defining megafauna
(Moledn et al., 2020). We included wild, domesticated, and semi-
domesticated animals. Following the second round of screening,
which produced 31 papers that were directly from the literature
search or referenced in these texts, we conducted a final review
to extract the species name and salt marsh location where
megafauna have been documented. We then conducted a final
verification that the animals were classified as megafauna and that
the animals were documented in salt marshes, rather than solely
near salt marshes. With this final verification, we reduced the
number of applicable papers to 23. Though our search captured
many megafauna species in salt marshes, there are likely more
contained in peer-reviewed literature that were not identified in
our literature search, or gray literature not searched. In multiple
cases, salt marshes and other ecosystems were mentioned in
papers. In these cases, we included the megafauna only if the
species was clearly documented as occurring in salt marshes. For
example, one paper referencing green turtles (Chelonia mydas)
primarily focuses on mangroves, but explicitly states that Spartina
alterniflora, a salt marsh grass, was important to the diet and
ecology of green sea turtles, so this megafauna species was
included (Nagaoka et al., 2012).
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We also incorporated visual observations of additional
megafauna that were not discovered in the literature search but
have been observed in salt marshes by ourselves or a subset of
our colleagues. For example, a colleague provided photographs
documenting megafauna in South African salt marshes. While
our approach likely is not exhaustive, our goal was not to find
every instance of megafauna occurrence in salt marshes, but to
test whether the diversity of megafauna that utilize salt marshes
is greater than suggested by past studies. When compiling
megafauna species that use salt marshes, we did not require
density data, as these data were rarely reported. Instead, we opted
for presence data. When density data were available, however, we
recorded them, as well (Supplementary Table 1). Future studies
should conduct a more systematic survey of marsh scientists for
a more comprehensive view into megafauna use of salt marshes.

DISCUSSION

In total, the literature review yielded 34 megafauna species that
utilize salt marshes (Figures 1A-C, Supplementary Figure 2).
This richness of megafauna represents a great expansion beyond
the diversity of megafauna represented in the global meta-
analysis of consumer-plant interactions in salt marshes (He
and Silliman, 2016), and demonstrates that there are a large
variety of megafauna taxa that utilize salt marshes throughout
the globe (Supplementary Table 1). While most studies reported
megafauna presence, several studies from the literature review
reported megafauna densities, which were comparable to or
higher than those in habitats in which they are established
(Supplementary Table 1). For example, density of black bears in
salt marshes (0.23 bears/km?) was similar to black bear density
in Alaskan forests (0.26 bears/km?). Sea otter, harbor seal, wild
horse, and alligator densities had a higher relative abundance
in salt marshes than in other established habitats (Figure 2).
We predict that salt marshes, because of their high primary and
secondary productivity, could be generally attractive ecosystems
for megafauna in search of food and/or nursery grounds and
that the diversity of megafauna using marshes will continue to
increase as megafauna recover from overexploitation, as occurred
with sea otters and alligators (Silliman et al., 2018). Additionally,
the large difference between the diversity of animals within
consumer effects studies and those who use salt marshes globally
indicates that, while there are several megafauna species, such as
alligators and hogs, whose impacts have been documented, there
are likely animals impacting salt marshes whose effects have not
been quantified.

Feral and introduced megafauna have been documented to
impact saltmarsh structure and function. For example, feral
hog activity not only leads to highly trampled areas and loss
of vegetation, but also changes in soil organic carbon, marsh
elevation, soil anoxia, higher concentrations of ammonium-
nitrogen in porewater, and changes in carbon cycling (Persico
et al., 2017; Sharp and Angelini, 2019). Studies on feral horses
show that they can also greatly alter salt marsh communities,
increasing bird diversity and crab densities, but lowering the
amount of vegetation biomass and the fish species richness in

grazed marshes (Turner, 1987; Levin et al., 2002). Additionally,
overpopulated feral horses can graze the marsh so extensively
it cannot recover (Turner, 1988). These strong indirect impacts
on salt marsh structure, resilience, and function are noteworthy
and important to understand and preserve important salt marsh
functions. Future work should focus on managing and mitigating
the impacts of introduced and feral animals. This would not only
aid in the recovery of native wild megafauna in these spaces but
also protect the marsh ecosystems themselves. While impacts of
feral and introduced megafauna on marshes are relatively well
understood, the impacts of recovered, native megafauna species
are less well understood.

The presence of a diversity of megafauna in salt marshes,
including recovered native megafauna, has a range of potential
implications for salt marsh ecosystem structure and function.
First, megafauna may exert positive or potentially negative
influences on foundational salt marsh species, such as grasses.
Evidence that consumptive and non-consumptive impacts of
alligators can trigger trophic cascades that indirectly promote
snail and mussel populations supports this hypothesis (Nifong
and Silliman, 2013). Second, direct vegetation consumption
by cattle and horses in Europe provides important insight
into the impact of grazing on salt marshes (Menard et al,
2002; Nolte et al., 2014). Because of differences in nutritional
requirements and plant species preferences, cattle and horses
contribute differently to structural diversity and ecosystem
management, and this information can be used to minimize
negative impacts on foundational marsh plant species (Menard
et al, 2002). Third, megafauna may stabilize feedbacks of
predators on plant ecosystems, thereby providing increased
coastal ecosystem resilience. For example, wetland predators,
such as blue crabs and sea otters, induce trophic cascades
through mesopredator and grazer consumption that promote
plant populations (Silliman and Bertness, 2002; Hughes et al.,
2013). These more robust foundational plant populations could
improve ecosystem resilience by stabilizing sediment with their
roots and lowering erosion rates, improving coastal protection by
wetlands (Silliman et al., 2019). Fourth, megafauna facilitation of
foundational plant species (Hughes et al., 2013) could improve
restoration approaches, leading to cost and effort savings, as
facilitation of plant foundational species could proceed on its
own with the proper restoration design. For example, through
a trophic cascade, sea otters restored hectares of seagrass, the
foundational plant species in the system, by consuming crabs
that eat sea slugs which clean algae off the seagrass. The
end result was that seagrasses were restored in the estuary
without human intervention (Hughes et al., 2013). Fifth, large
animals like hippos, water buffalo, and manatees could severely
suppress standing plant biomass and/or create ponds within
marshes, similarly to the way invasive feral hogs do now
(Frederick, 1998; Arrington et al., 1999). Because these five
potential influences of megafauna on salt marsh ecosystems
remain largely theoretical and hypothetical, future studies should
focus on quantifying effects of megafauna on salt marsh
structure and function and whether megafauna presence can be
harnessed for conservation and restoration of these important
coastal ecosystems. Additionally, we defined megafauna on the
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FIGURE 1 | (A) Megafauna in southeastern salt marshes including (1) white-tailed deer (Odocoileus virginianus), (2) Florida panther (Puma concolor coryi), (3) wild
boar (Sus scrofa), (4) wild horse (Equus ferus), (5) black bear (Ursus americanus), (6) American crocodile (Crocodylus acutus), (7) bottlenose dolphin (Tursiops
truncatus), (8) bull shark (Carcharhinus leucas), (9) American alligator (Alligator mississippiensis), and (10) west Indian manatee (Trichechus manatus). These are
artistic illustrations and do not represent actual spacing among or abundance of megafauna. Artwork by Alex Boersma. (B) Megafauna in Elkhorn Slough, California
salt marshes, including (1) mule deer (Odocoileus hemionus), (2) sea lions (Zalophus californianus), (3) sea otters (Enhydra lutris), and (4) harbor seals (Phoca vitulina).
These are artistic illustrations and do not represent actual spacing among or abundance of megafauna. Artwork by Alex Boersma. (C) Megafauna in South African
salt marshes, including (1) ostrich (Struthio camelus), (2) domesticated horse (Equus ferus caballus), (3) African buffalo (Syncerus caffer), (4) sheep (Ovis aries), (5)
cattle (Bos taurus), (6) Nile crocodile (Crocodylus niloticus), (7) hippopotamus (Hippopotamus amphibius), (8) common zebra (Equus quagga burchellii), (9) lion
(Panthera leo), (10) springbok (Antidorcas marsupialis), (11) common warthog (Phacochoerus africanus), (12) gemsbok (Oryx gazella). These are artistic illustrations
and do not represent actual spacing among or abundance of megafauna. Artwork by Alex Boersma.
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basis of mass (e.g., 45 kg) but recommend that as future
studies gain more insight into the roles of megafauna in salt
marshes that salt marsh megafauna be classified functionally, as
proposed by Moledn et al. (2020).

The use of salt marshes by a variety of megafauna suggests that
marshes could provide important ecological functions for these
animals - including providing additional habitat for feeding and
raising young, and refugia from human impacts. For example,
sea otters, an endangered species, likely use salt marshes as
nursery grounds for several reasons, including that the marshes
are relatively free from otter predators, that “hauling out” on
salt marshes can be metabolically favorable for otters because
body heat is lost more slowly in air than in water, and Elkhorn
Slough marshes are low relief and otters can easily haul out
onto them (Estes et al., 1998; Eby et al., 2017; Tinker et al,
2018). The degree of megafauna impacts on marshes likely
depends upon species life stage. For example, if megafauna use
salt marshes as juveniles, then their impacts may be reduced
relative to those of larger, adult megafauna, yet additional
research is necessary to test this. In terms of protection from
human impacts, salt marshes likely serve as a refuge for the
American crocodile and West Indian manatee, which are both
listed as vulnerable by the IUCN Red List (Deutsch et al.,
2008; Ponce-Campos et al., 2012; Sievers et al., 2019). The
recognition that megafauna can be supported in marsh systems
adds to and strengthens the list of known ecological services that
salt marshes provide, such as increased coastal protection and
erosion control through trophic cascades that positively impact
foundational plant species, and water purification and carbon
sequestration from marshes under less stress from overgrazing
(Barbier et al., 2011; Silliman et al., 2019). Given the importance
of salt marshes to species of megafauna, future marsh restoration
and management plans should consider the ecological functions
that marshes can provide for megafauna.
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