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The diverse functional roles of over 6,000 species of extant mammals that range in body size across eight orders 
of magnitude, from blue whales (Balaenoptera musculus) to tiny Etruscan shrews (Suncus etruscus), contribute 
to shaping Earth’s ecosystems. Large mammalian herbivores (e.g., African elephants [Loxodonta africana], 
American bison [Bison bison], hippopotamuses [Hippopotamus amphibius]) and carnivores (e.g., wolves [Canis 
lupus], pumas [Puma concolor], sea otters [Enhydra lutris]) often have significant effects on primary producers in 
terrestrial, aquatic, and marine systems through nutrient cycling, energy flow, and the exertion of bottom-up and 
top-down processes. Small mammals, like bats, are important pollinators, dispersers of fruits, and consumers of 
arthropods, and others, especially rodents and primates, are important predators and dispersers of seeds. Many of 
these mammal-mediated processes occur simultaneously in the same ecosystem, and have significant effects on 
community structure of primary producers that in turn alter communities of other vertebrates and invertebrates. 
Many mammals also are ecosystem engineers (e.g., elephants, American beavers [Castor canadensis], porcupines 
[Erithezon dorsatum], prairie dogs [Cynomys spp.]) that create, significantly modify, or destroy habitat, and by 
doing so, they alter ecosystem structure and function and increase habitat heterogeneity and biodiversity. The 
extensive influence mammals have on ecosystems results in important services that contribute to human well-
being, such as pollination, insect pest control, and bioturbation of soils. The rapid declines in abundance of many 
mammal populations and the associated increase in extinction risk raise conservation concerns for mammals. 
To maintain mammalian diversity and the critical ecosystem processes they provide, scientists need to mobilize 
concern for their status and strive for more effective and comprehensive conservation action. We provide insights 
and synthesis on the ecological role of mammals and highlight key research questions and future directions for 
their conservation.

Los diversos roles funcionales de las más de 6,000 especies de mamíferos existentes—que varían en peso corporal 
de hasta eight órdenes de magnitud entre si, desde las ballenas azules (Balaenoptera musculus) hasta las diminutas 
musarañas etruscas (Suncus etruscus) desempeñan un papel importante en la formación de los ecosistemas del 
planeta. Los grandes mamíferos herbívoros (elefantes [Loxodonta africana], bisontes [Bison bison], hipopótamos 
[Hippopotamus amphibius]) y carnívoros (lobos [Canis lupus], pumas [Puma concolor], nutrias marinas [Enhydra 
lutris]) a menudo tienen efectos significantes en los productores primarios de los ecosistemas terrestres, acuáticos 
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y marinos, a través del ciclo de nutrientes, flujo de energía, y de los procesos ecológicos de abajo hacia arriba y de 
arriba hacia abajo. Mientras que los pequeños mamíferos como los murciélagos son importantes polinizadores, 
dispersores de frutas, y consumidores de artrópodos; los roedores y primates, son también importantes depredadores 
y dispersores de semillas. Muchos de estos procesos mediados por mamíferos ocurren simultáneamente en 
el mismo ecosistema y tienen efectos significantes en la estructura de comunidades de productores primarios 
que a su vez modifican las comunidades de otros vertebrados e invertebrados. Muchos mamíferos son también 
ingenieros del ecosistema (elefantes, castores [Castor canadensis], puerco espín [Erithezon dorsatum], perritos 
de pradera [Cynomys spp.]) que crean, modifican significativamente, o destruyen el hábitat alterando la estructura 
y función del ecosistema, e incrementando de este modo la heterogeneidad del hábitat y su biodiversidad. La 
extensa influencia que los mamíferos ejercen en los ecosistemas, resulta en servicios importantes que contribuyen 
al bienestar humano, como la polinización, el control de plagas, y la bioturbación de suelos. La disminución 
rápida de la abundancia de muchas poblaciones de mamíferos y el consecuente aumento del riesgo de extinción, 
son consideraciones alarmantes en cuanto a la conservación de mamíferos. Los científicos deberían de ocuparse 
del estado actual de los mamíferos y aunar esfuerzos para su conservación, de modo a mantener la biodiversidad 
de mamíferos y los procesos cruciales que ellos proporcionan a los ecosistemas. Con este trabajo se proveen 
varias ideas y una sinopsis acerca del papel ecológico de los mamíferos y se enfatizan preguntas claves para las 
futuras investigaciones para la conservación de mamíferos.

Key words:  ecosystem engineers, ecosystem function, ecosystem services, energetics, nutrient cycling, pest control, pollination, seed 
dispersal

Lee R.  Dice presented an annotated list of the mammals of 
southeastern Washington State in the first issue of the Journal 
of Mammalogy (Dice 1919). In this article, he addressed the 
relationship of a number of mammal species with the landscape 
and associated plant communities, with other species of mam-
mals, and with humans. He observed the role that American 
beavers play, noting “they are even of some value to the agricul-
turist in helping to stop with sticks and mud the leaks in brush 
dams commonly placed in the river to divert water for irrigat-
ing ditches.” The language at the time of publication was infor-
mal, more like popular natural history writing, but it showed an 
appreciation of the roles of mammals in an ecosystem, and even 
the services that they provide to humans.

The concept of the ecosystem grew out of the work of such 
early natural historians, as they began to explore the com-
plex interactions revealed by detailed natural history studies. 
Contemporary ecosystem ecology seeks to describe the pat-
terns of species structure in ecosystems and the mechanisms or 
processes associated with these patterns (Hooper et al. 2005), 
and show how various biotic and abiotic components interact 
in driving large-scale processes. Research activities include 
detailed investigations of subsystems, focused on topics like 
competition, food webs, and predator-prey relations, to gain 
insights into mechanistic aspects that underlie ecosystem func-
tion, processes that occur in a temporal and spatial continuum 
within ecosystems (Ricklefs 2008).

Ecosystem ecologists seek to understand the contributions 
of species to ecosystem processes. Ecologists frame func-
tion in terms of emergent properties of interacting species 
and the physical and chemical components of systems that 
generate large-scale processes like net primary productiv-
ity, nutrient cycling, and hydrological dynamics. The con-
tributions of individual species are categorized through the 
assignment of functional traits related to their ecological 
role, and assessment of how these traits govern ecosystem 

function, including the redundancy of functions within a 
system (Loreau et al. 2001).

The critical role of mammals in mediating ecosystem pro-
cesses has emerged from recent research. We understand the 
importance of biodiversity to ecosystem function (Kinzig et al. 
2002), and the significant role that mammals play in ecosystems 
(Estes et  al. 2011; Davidson et  al. 2012; Ripple and Beschta 
2012). We attribute much of this to the diversity of form and 
function of mammals. Mammals range from small (< 2  g, 
Etruscan shrew) to large (nearly 140,000 kg, blue whale) and 
may be short- (< 1 year for many shrews) or long-lived (over 
200  years for bowhead whales, Balaena mysticetus). Some 
are highly restricted habitat specialists, like the Chalchalero 
viscacha rat (Tympanoctomys loschalchalerosorum), which is 
limited to shrublands bordering a small complex of salt flats 
in Argentina, while the geographic ranges of others, like the 
puma, extend across multiple continents. The largest mamma-
lian herbivores and carnivores are energy-intensive organisms, 
and are among the most conspicuous animals in terrestrial 
and marine ecosystems. Gaining clarity about how commu-
nity structure shapes ecosystem processes (Morris et al. 1989) 
has helped to better implement management and conservation 
actions in the face of the anthropogenic degradation of land-
scapes (Hoffmann et al. 2010).

Mammals are severely affected by habitat loss, overexploi-
tation, and invasive species (Schipper et  al. 2008), and now 
increasingly by the threat of climate change (Pacifici et  al. 
2017). Current trends in the decline of mammalian populations 
(Ceballos et al. 2017), dramatic losses in range and population 
size of primates (Estrada et al. 2017), and the ongoing world-
wide collapse of carnivore (Ripple et al. 2014a) and herbivore 
(Ripple et al. 2015) populations, all elevate the risk of extinction 
of many species of mammals. This decline also compromises 
the functions that they perform and the valuable ecosystem ser-
vices that they provide. The Millennium Ecosystem Assessment 

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article-abstract/100/3/942/5498004 by C
olorado State U

niversity user on 29 M
ay 2019



944 JOURNAL OF MAMMALOGY 

(2005) report defines ecosystem services as “the benefits people 
obtain from ecosystems.” It is impossible to discuss the role of 
mammals as key to ecosystem processes without being aware 
of the conservation challenges associated with preserving these 
services for human benefit.

Here, we discuss the critical roles of mammals from an eco-
logical perspective, focusing on key components of ecosystem 
functioning. Although these differ among regions and across 
terrestrial, marine, and aquatic systems, our emphasis is pri-
marily terrestrial. We highlight examples and case studies for 
which years of research have illuminated the ecological roles 
of mammals, including cases where they act as keystone spe-
cies, transforming landscapes and ecosystem-scale processes. 
Finally, we discuss the emerging conservation emphasis on the 
provisioning of ecosystem services and the role of mamma-
lian conservation in preserving those processes. Using insights 
derived from a review of current literature, we highlight critical 
research needs and propose future research directions that will 
improve understanding of the functional role of mammals in 
ecosystem processes.

Food-Web Dynamics, Ecosystem Engineers, 
and Keystone Species

Many species of mammals transform and shape the ecosystems 
in which they occur through a diversity of ecological pathways 
(Fig. 1). Mammalian predators and herbivores influence ec-
osystem structure and functioning through the consumption 
of prey (Ripple et  al. 2014b, 2015). Mammalian ecosystem 

engineers physically modify their environment, such as through 
the construction of burrows, digging of soil pits, or creation of 
dams (Jones et al. 1994). The trophic or engineering effects of 
some of mammal species are so large that they are considered 
keystone species whose effects are not only disproportionately 
large relative to their abundance, but are functionally irreplace-
able (Power et al. 1996).

Alteration of food-web dynamics.—Apex predators, such 
as wolves, pumas, and sea otters, are among the best-studied 
predators whose activities affect all trophic levels (Beschta 
and Ripple 2009; Eisenberg 2010; Ripple et al. 2014a, 2014b). 
Research from the Greater Yellowstone Ecosystem illustrates 
how wolves, removed in the late 1800s and then reintroduced, 
regulate the abundance of elk (Cervus elaphus) populations, 
and consequently reduce herbivory on riparian vegetation. This 
regulatory role is important for maintaining riparian vegetation, 
such as willows (Salix spp.), aspens (Populus tremuloides), and 
cottonwoods (Populus spp.), that American beavers use for 
building dams and that riparian birds and other animals use for 
habitat or forage (Ripple and Beschta 2012; Beschta and Ripple 
2016). Although reintroduction of wolves has reduced elk pop-
ulations with consequent increases in woody plants and herba-
ceous forage that benefits American beavers, American black 
bears (Ursus americanus), and American bison, Yellowstone 
ecosystem recovery remains in the early stages (Ripple and 
Beschta 2012; Ripple et al. 2014b; Stier et al. 2016). Similar 
findings characterize the cascading effects of pumas on ripar-
ian ecosystems (Ripple and Beschta 2006). Apex marine preda-
tors also play important roles in regulating the abundance of 

Fig. 1.—Mammals play important roles in all ecosystems performing a broad range of critical functions. The decline in abundance, local extirpa-
tion, or global extinction of mammals will have negative effects on ecosystem processes and will limit the number and amount of services these 
systems provide to human populations. (Drawings by Sharyn Davidson.)
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their herbivorous prey (Steneck 2012; McCauley et al. 2015; 
Estes et al. 2016). Overharvesting of sea otters in California for 
fur resulted in dramatic increases in sea urchins, their primary 
prey, which overgrazed kelp forests (Estes et  al. 2016). Loss 
of these kelp forests resulted in declines in many species that 
rely on them for habitat with consequent shifts in prey avail-
able for predators (Estes et al. 2016). Where kelp forests have 
been lost, seabird diets shift from fish to macroinvertebrates, 
and bald eagles (Haliaeetus leucocephalus) rely more heavily 
on seabirds as prey (Anthony et  al. 2008; Estes et  al. 2016). 
The restoration of sea otter populations has helped restore kelp 
forest ecosystems (Estes et al. 2016).

Large herbivores also affect ecosystems through consump-
tion and trampling of vegetation, and by acting as key prey for 
apex predators (Frank et  al. 1998; Ripple et  al. 2015; Hobbs 
2016). They play especially important roles in maintaining and 
creating grassland landscapes by preventing the encroachment 
of shrubs and trees (Frank et al. 1998; Goheen et al. 2010; Asner 
et al. 2016). Through their grazing, large herbivorous mammals 
create a low mat of vegetation characterized by grazing-tolerant 
species, and increase nutrient cycling rates (McNaughton 1984; 
Hobbs 2016). These grazing lawns occur in patches across the 
larger landscape, increasing heterogeneity, reducing fuel load 
and fire frequency, and providing habitat for animals that prefer 
shortgrass landscapes, including many species of mesoherbi-
vores (Frank et al. 1998; Pringle 2008; Waldram et al. 2008). 
For example, grazing by white rhinoceroses (Ceratotherium 
simium) maintains patches of short grass that provide pre-
ferred habitat for blue wildebeests (Connochaetes taurinus) 
and zebras (Equus spp.—Waldram et  al. 2008). African ele-
phants play important roles in converting woodland to shru-
bland, which provides browsing habitat for impalas (Aepyceros 
melampus) and black rhinoceros (Diceros bicornis), facilitates 
predation by apex predators, and provides structural habitat for 
lizards (de Boer et al. 2015; Hobbs 2016). Similarly, American 
bison expand and maintain grasslands in North America, cre-
ating preferred open grassland habitat and higher quality for-
age for animals like prairie dogs (Knapp et  al. 1999). The 
heterogeneous patches of grazed habitat alter fire regimes and 
structure grasshopper communities (Sinclair 1975). In addi-
tion, American bison wallows create small ponds across the 
grassland landscape that provide important habitat for amphib-
ians and arthropods (Knapp et al. 1999; Gerlanc and Kaufman 
2003; Joern 2005). Following the reestablishment of locally 
extirpated large herbivores within savanna grasslands in Kruger 
National Park, white rhinoceros grazing increased the presence 
of grazing lawns by up to 20-fold (Cromsigt and te Beest 2014). 
Experimental exclusion of large African herbivores revealed a 
breakdown of a critical ant-Acacia tree mutualism by reducing 
the carbohydrate rewards to protective ants, which resulted in 
reduced growth and survival of Acacia trees central to African 
savanna ecosystems (Palmer et al. 2008).

Impacts of burrowing mammals.—Many small- to medium-
sized burrowing mammals influence the structure and 
functioning of ecosystems through herbivory, ecosystem en-
gineering (mound building, burrowing, digging, and clipping 

of vegetation), and serving as important prey for predators 
(Davidson et al. 2012; Root-Bernstein and Ebensperger 2013). 
Burrowing mammals range from solely fossorial to semifos-
sorial (Supplementary Data SD1). Burrowing mammals occur 
in most terrestrial ecosystems, and are especially ubiquitous in 
grassland and desert ecosystems. Their burrow mounds dot land-
scapes, and range in size and shape from open areas surrounding 
pika (Ochotona spp.) burrows (≤ 0.5 m2), to aboveground soil 
mounds of ≤ 0.5–3 m2 around prairie dog, marmot (Marmota 
spp.), and ground squirrel (Ammospermophilus, Spermophilus, 
Urocitellus spp.) burrows, to 15–65 m2 soil mounds created by 
wombats (Vombatus ursinus and Lasiorhinus spp.) and bet-
tongs (Bettongia lesueur), and plains vizcacha (Lagostomus 
maximus) mounds that are 300–700 m2 with up to 100 burrow 
entrances (Davidson et al. 2012; see Supplementary Data SD1). 
A  common feature of burrow mounds is that vegetation and 
soil properties on or immediately surrounding them differs 
in composition and structure from adjacent areas (Davidson 
et al. 2012; Clark et al. 2016) which increases habitat hetero-
geneity and provides unique habitat for animals (Davidson and 
Lightfoot 2006; Yoshihara et al. 2009, 2010). Burrows provide 
key three-dimensional habitat, especially lacking in grasslands, 
and serve as critical homes and belowground shelter for nu-
merous vertebrates and invertebrates (Davidson et  al. 2012; 
Root-Bernstein and Ebensperger 2013; Šklíba et  al. 2016). 
Although many burrowing mammals are herbivores and are key 
prey for predators, others are omnivores or carnivores, and lack 
the direct impacts of herbivory. However, these species (e.g., 
badgers [Melinae and Taxideinae], aardvarks [Orycteropus 
afer], and numerous species of foxes and armadillos) similarly 
alter landscapes through the construction of their burrows and 
mounds (Whittington-Jones 2007; Desbiez and Kluyber 2013; 
Root-Bernstein and Ebensperger 2013; Kurek et  al. 2014). 
Excavations made by giant armadillos (Priodontes maximus) 
in the Brazilian Pantanal wetland create resources benefiting 24 
other vertebrate species (Desbiez and Kluyber 2013).

Some burrowing mammals are solitary, like kangaroo rats 
(Dipodomys spp.), whereas others are highly social and live in 
large colonies, such as prairie dogs, plains vizcachas, and pla-
teau pikas (Ochotona curzoniae; Supplementary Data SD1). 
Black-tailed prairie dogs (Cynomys ludovicianus) in North 
America’s central grasslands are probably the best-studied 
semifossorial, colonial rodent, and provide a good example of 
the ecological impacts of burrowing, colonial rodents (Whicker 
and Detling 1998; Kotliar et al. 2006; Davidson et al. 2012). 
Black-tailed prairie dog colonies represent islands of open 
grassland habitat dotted with mounds that attract grassland ani-
mals that prefer open grassland habitat (e.g., mountain plovers, 
Charadrius montanus) and utilize burrows for homes or shelter 
(e.g., burrowing owls, Athene cunicularia—Davidson et  al. 
2012; Ray et  al. 2016). Prairie dogs maintain grasslands by 
clipping shrubs and consuming their seedlings (Ceballos et al. 
2010; Ponce-Guevara et al. 2016). Their activities also increase 
water infiltration rates, ground water recharge, soil stability, 
and soil carbon storage within colonies (Martínez-Estévez et al. 
2013). Prairie dogs provide high density, localized, and reliable 
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prey for numerous predators, such as badgers, kit and swift 
foxes (Vulpes macrotis and V. velox), coyotes (Canis latrans), 
black-footed ferrets (Mustela nigripes), and numerous raptors 
(Kotliar et al. 2006; Davidson et al. 2012). The role of prairie 
dogs, especially black-tailed prairie dogs, in shaping grass-
land ecosystems in North America is so significant that they 
are considered keystone species (Kotliar et al. 2006; Davidson 
et al. 2012). The decline of black-tailed prairie dogs by about 
98% across their range is due to sylvatic plague (introduced 
from Asia), poisoning and shooting to reduce their purported 
competition with livestock, and widespread habitat loss. This 
decline has resulted in cascading losses in populations of ani-
mals that associate with them and in shrub encroachment into 
grasslands (Kotliar et al. 2006; Eads and Biggins 2015; Ponce-
Guevara et al. 2016). Similarly, poisoning of plateau pikas has 
resulted in dramatic declines in species that use their burrows 
and colonies for habitat or that rely on plateau pikas as prey, as 
well as in ecosystem services, such as large-scale reductions in 
water infiltration with likely impacts on watershed hydrological 
regimes (Lai and Smith 2003; Wilson and Smith 2014).

Habitat modification in wetlands.—American and Eurasian 
beavers (Castor fiber) are important ecosystem engineers 
(Wright et  al. 2002; Bouwes et  al. 2016). Beavers are semi-
aquatic herbivorous rodents and are keystone species of riparian 
ecosystems (Janiszewski et al. 2014; Nummi and Holopainen 
2014). They create wetland habitat by building dams that flood 
upstream areas, dramatically altering community structure and 
ecosystem functioning of ponds, streams, and surrounding 
riparian habitat (Naiman et al. 1988; Hood and Larson 2015). 
Through their herbivory, felling, and flooding of woody vegeta-
tion, beavers transform the riparian forest communities (Wright 
et al. 2002). The ponds they create increase habitat complexity, 
providing many animals with a greater diversity of habitats for 
breeding, rearing offspring, foraging, resting, and avoiding pre-
dation (Smith and Mather 2013; Nummi and Holopainen 2014; 
Zero and Murphy 2016). Because beaver ponds provide habi-
tat that differs from the surrounding landscape, they support 
distinct communities of plants and animals, increasing beta 
and gamma biodiversity across the greater landscape (Wright 
et al. 2002). Beavers were extirpated throughout much of North 
America and Eurasia by the early 1900s, but their populations 
have been recovering, with cascading effects on riparian eco-
systems (Bouwes et al. 2016).

Because ecosystem engineers and keystone species play such 
large roles in ecosystems, their restoration often lies at the core 
of conservation efforts (Davidson et al. 2018). Restoring mam-
mals that play critical ecological roles, whether as top preda-
tors like wolves or ecosystem engineers like American beavers, 
has the benefit of restoring entire suites of associated species 
and ecosystem functions (Ripple and Beschta 2012; Beschta 
and Ripple 2016; Bouwes et  al. 2016). However, because of 
their large, transformative ecological roles, keystone mam-
mals are also often in conflict with humans, especially large 
predators that increasingly come into contact with humans who 
chose to live in exurban areas and suburbs that encroach on 
natural habitats. Consequently, many of their populations have 

declined dramatically and their restoration often faces extreme 
resistance. Finding ways for mammals with especially impor-
tant ecological roles to coexist with humans is one of the big-
gest challenges facing ecosystem restoration and conservation. 
Research is needed to uncover novel strategies for addressing 
the complex socio-ecological challenges in human–wildlife 
conflict that are at play across the globe.

Landscape Dynamics of Mammalian 
Megafauna

Mammalian herbivores, carnivores, and plankton feeders are 
the largest extant animals, and often dominate various ecosys-
tem-level processes, including energy flow, nutrient cycling, 
and vegetation dynamics because of their energy demands. 
However, in most parts of the world the mammalian megafauna 
is greatly impoverished compared to pre-Anthropocene faunas 
(Ripple et al. 2014a, 2014b). The best terrestrial examples of 
intact mammalian megafauna are found in savanna and wood-
land ecosystems of Africa, but the number and size of such 
locations decline each year (Hanks and Charlton 2003). These 
few systems testify to the impacts of large mammal commu-
nities mostly unaffected by recent extinctions, and provide 
insights on the functions lost because of Pleistocene or more 
recent extinctions and local extirpations, especially of mega-
herbivores exceeding 1,000 kg in adult body mass.

Functional roles of mammals across large landscapes.—
Some of the greatest impacts on landscape dynamics are driven 
by dispersal and migration of large mammals. Migratory herds 
of African elephants, American bison, buffalo (Syncerus caf-
fer), and other bovids on land, and pinnipeds and cetaceans in 
the ocean, transfer nutrients and biomass across continents and 
oceans, and this movement shapes landscapes, seascapes, and 
freshwater environments.

Large herbivores play important functional roles through 
their dispersal and migration by transporting macronutrients 
across landscapes and fertilizing otherwise nutrient-poor habi-
tats. In faunally intact communities, their movements operate as 
a landscape-scale pump for otherwise limiting nutrients (e.g., 
phosphorus, calcium, sodium) dispersed across sharp nutrient 
gradients, such as those between floodplains and inland areas 
(Doughty et  al. 2016a). For example, hippopotamuses trans-
fer significant inputs of dissolved organic carbon, nitrogen, 
and phosphorus, from savanna grassland ecosystems to riv-
ers in sub-Saharan Africa (Subalusky et  al. 2015). Estimated 
increases in nutrients in a segment of a river with hippopotamus 
populations compared to upstream sites were 670% for coarse 
particulate organic matter, 15% for dissolved organic carbon, 
and 25% for total nitrogen and total phosphorus. In the south-
ern boreal forests on Isle Royale, moose (Alces alces) play a 
similar role, moving nutrients from freshwater to terrestrial 
ecosystems. They transfer large amounts of nitrogen from riv-
ers to the surrounding terrestrial environment, which enhances 
nitrogen availability to riparian forests (Bump et al. 2009).

Whales move nutrients throughout the oceans by two dif-
ferent pathways: laterally during their migrations between 
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breeding and feeding areas, and vertically by moving nutri-
ents from deep water to the surface, where they release them 
via feces and urine (Doughty et al. 2016b). Declines in abun-
dance of some marine mammals between 66% and 99% in the 
past several hundred years have resulted in a loss of nutrient 
transport (Doughty et al. 2016b). Lateral transfer has declined 
dramatically, down to 14% of historical values in the North 
Atlantic and 2% in southern oceans. Vertical nutrient transport 
induced by once-abundant great whales also moves otherwise 
unavailable nutrients such as dietary iron from water columns 
into the oligotrophic photic zone where it can be metabolized 
by phytoplankton (Roman et al. 2014). Collapse of this nutrient 
pump following the decimation of large whales by the whaling 
industry likely has had severe consequences for the produc-
tivity of shallow marine waters (Roman et al. 2014). Declines 
in phosphorous transport are globally estimated at 23% of his-
torical values and range from 28% in the North Atlantic to 16% 
in southern oceans (Doughty et al. 2016b).

Boreal forests and the arctic retain high densities of large 
mammalian herbivores, such as caribou (Rangifer tarandus) 
that graze and browse vegetation throughout their summer and 
winter ranges. Caribou can digest lichens and bryophytes, and 
these are essential resources during the winter; they shift to 
vascular plants and graminoids in the summer (Bernes et  al. 
2015). Grazing by large migratory caribou herds can shift the 
dominant vegetation from lichen-bryophyte communities to 
those dominated by grasses and sedges (Bernes et  al. 2015). 
For example, grazing and trampling by caribou in the Rivière 
George herd of approximately 650,000 individuals in Québec 
and Labrador reduced plant productivity and shrub biomass on 
the summer range (Manseau et al. 1996). Lichen productivity 
on grazed summer range was only 6% of that on comparable 
ungrazed sites, and vascular plant productivity was suppressed 
by 25% on grazed sites.

Landscape-level effects of large herbivores change in concert 
with climatic variation and warming trends. Shrub biomass in 
the Arctic is increasing with warming. The functional role of 
mammalian herbivores, in this case caribou, is interacting with 
functional traits of different species of expanding shrub popu-
lations. Caribou forage heavily on more-palatable shrub spe-
cies like willow (Salix glauca) and non-resinous birch (Betula 
nana ssp. nana) and avoid alder (Alnus viridis), a resinous birch 
(Betula nana ssp. exilis), and a number of palatable evergreen 
species that have more effective chemical defenses (Christie 
et al. 2015). Differential foraging impacts ultimately influence 
which shrub species dominate across the arctic tundra (Christie 
et al. 2015). Additionally, sea ice loss caused by climate warm-
ing has caused local warming in adjacent terrestrial areas, 
increasing plant biomass across the summer ranges of caribou 
and promoting shrub expansion (Fauchald et al. 2017). Caribou 
abundance has declined in parts of their summer ranges where 
a decline in high-quality forage has occurred, associated with 
the expansion of less-palatable shrubs (Fauchald et al. 2017).

Many plant–herbivore interactions and processes over large 
landscapes will change in potentially unforeseen fashions, 
especially for large migrations that interact with vegetation 

over large spatial scales. Future research is needed to increase 
our predictive understanding of the interactions between cli-
mate change, plant productivity, landscape dynamics, and large 
herbivores.

Functional roles of large mammals in African savannas.—
The most distinctive feature of Africa’s large mammal fauna is 
the abundance and richness of grazing ruminants (Owen-Smith 
2013). This is related to the prevalence of grassy savanna eco-
systems in the seasonally dry environments that predominate 
over much of Africa. These savannas include iconic megaherbi-
vores, such as African elephants, white and black rhinoceroses, 
hippopotamus, and comparatively smaller herbivores such as 
blue wildebeest, plains zebra (Equus burchellii), and Thomson’s 
gazelle (Gazella thomsonii—Owen-Smith 1988). They play 
important roles in moving nutrients across the landscape.

The largest amount of vegetation consumed by large herbi-
vores in Africa’s savannas occurs in two circumstances. One 
is in places characterized by a high abundance of browsing 
(African elephant) and grazing (hippopotamus or white rhinoc-
eros) megaherbivores, along with numerous smaller grazing 
ruminants (e.g., Queen Elizabeth and Murchison Falls National 
Parks in Uganda, or Hluhluwe-iMfolozi Park in southeastern 
South Africa; Supplementary Data SD2). The other circum-
stance is in places with high abundances of smaller migratory 
grazers such as blue wildebeest, plains zebra, and Thomson’s 
gazelle. The Serengeti ecosystem (28,000 km2) in Tanzania is 
a prime example, with 1.3 million migratory blue wildebeest, 
200,000 plains zebra, 300,000 Thomson’s gazelle, as well as 
numerous other antelopes and buffalo, but with relatively few 
African elephants and hippopotamuses because of the lack of 
major rivers and lakes (Hanks and Charlton 2003).

Large herbivores in savanna ecosystems like the Serengeti 
play a key role in nutrient cycling of plant biomass, processed 
through their gut. Bacterial fermentation within the rumen 
or colon of a large herbivore occurs more rapidly than does 
decomposition by soil organisms, and continues year-round 
without being depressed by cold or dry conditions. This 
enhances rates of nitrogen and phosphorus release back into the 
soil via dung and urine to promote further plant growth across 
the savanna landscape. Large and small herbivores have differ-
ent relative contributions to energy flow and nutrient recycling 
as a consequence of mass-specific metabolic rates. Large herbi-
vores, like African elephants and hippopotamuses, have slower 
metabolic rates and lower rates of consumption compared to 
smaller herbivores like Thompson’s gazelles that have faster 
metabolic rates. The relative amount of food consumed per unit 
of biomass diminishes with body mass according to a power 
relationship with an exponent of −0.25. As a consequence, 
small antelopes consume about 3.5% of their body mass per 
day, whereas African elephants consume daily only ~1% of 
their body mass as dry body mass relative to live weight body 
mass (Owen-Smith 1988). This allometric relationship can be 
used to transform herbivore biomass into the resultant uptake 
of plant biomass by grazers versus browsers or megaherbivores 
versus smaller ungulates, and localities can be thus compared if 
the local fauna has remained relatively intact.
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To estimate the effect of consumption by assemblages of 
large herbivores on nutrient cycling at larger scales, consump-
tion needs to be related to annual production of vegetation. 
Annual production of aboveground grass typically amounts to 
500–1,000 kg km−2 per mm of annual rainfall in African savanna 
ecosystems (Deshmuck 1984). Combined levels of offtake by 
large herbivores in the most densely occupied ecosystems total 
less than 20% of total annual aboveground production by grass. 
However, within short-grass lawns that mega-grazers such as 
white rhinoceroses and hippopotamuses cultivate, almost all 
grass is cropped, so most nutrients there are cycled locally via 
dung and urine. Browsers consume a much smaller fraction of 
foliage production by trees because much of it remains out of 
reach of herbivores and most African savanna trees shed their 
leaves during the dry season. In systems with strongly seasonal 
growth of vegetation, the mean proportion of vegetation con-
sumed is not a meaningful annual indicator of nutrient cycling, 
since most of the available vegetation is consumed by the late 
dry season and only grass stubble prevails over vast areas. 
Thus, estimates of nutrient cycling based upon consumption 
must consider the relative contributions of various functional 
groups as well as variation in primary production throughout 
the year.

Fire is an ecologically important process in savannas, and 
locally high levels of consumption of vegetation suppress the 
spread of fires (Owen-Smith 1988; Waldram et al. 2008). Within 
the Serengeti, growth of the migratory blue wildebeest popu-
lation has reduced the extent of the landscape that is burned 
annually from ≥ 90% to < 50% (Eby et al. 2015). Grass incin-
erated by fire loses some nitrogen content to the atmosphere, 
whereas this nitrogen is retained when processed through her-
bivore guts (De Mazancourt et al. 1998). By breaking branches 
or felling trees, African elephants contribute to the cycling of 
the mineral nutrients contained in these plants parts. However, 
these impacts on nutrient cycling are not evenly distributed in 
space. Similarly, hippopotamuses concentrate most of their 
grazing near rivers or lakes where they seek refuge during 
the day (Lock 1972). African elephants and water-dependent 
grazers become restricted to the proximity of perennial water 
sources during the dry season. Fires remain the major agent 
recycling vegetation biomass in regions remote from perennial 
surface water, and the combination of these processes results in 
complex patterns of nutrient cycling across the landscape.

We lack data on the relationship between soil properties and 
herbivore function. We need to enhance our understanding of 
the role that soil fertility (governed by geological parent ma-
terial and leaching) plays in the rate of nutrient cycling by 
grazing herbivores. There is a strong interaction between soil 
nutrient status and rainfall in controlling plant growth, and for a 
given level of precipitation, soils with high nutrient availability 
can support about 20 times the biomass of large grazing ungu-
lates (Fritz and Duncan 1994). Clay particles can retain cations 
against leaching, but phosphorus is the most widely limiting 
nutrient for animal production in African savannas (Pellegrini 
2016); it is less available in coarse sedimentary deposits than 
in basic igneous rocks. Sodium is especially attractive to 

herbivores because of its deficiency in most plants (Seagle and 
McNaughton 1992). Finer-textured soils that allow less water 
infiltration, and hence greater evaporation, retain more sodium 
than do coarse-grained sands. How changing climate through 
increased temperature (and drought) and alterations in the pat-
tern and amount of precipitation will alter the availability of 
soil micronutrients affecting plant nutritional quality and her-
bivore diversity and abundance is a critical area of research.

If wild herbivores are missing or depauperate in diversity 
or abundance across large landscapes, this will impact energy 
flow and nutrient cycling. This is currently the case in north-
ern Eurasia or the Americas, where all megaherbivores and 
most grazers have been eliminated. The biomass attained by 
free-ranging domestic herbivores where native megaherbivores 
have been extirpated matches that exhibited by diverse wild 
ungulate assemblages in Africa only where mean annual rain-
fall approaches 1,000 mm (Fritz and Duncan 1994). The role 
of mammalian herbivores in nutrient cycling and subsequent 
restructuring of vegetation and their cascading impacts is quite 
large. Loss of large herbivores on other continents and their 
replacement by domestic livestock has likely also resulted in 
major shifts in ecosystem structure and function, resulting in the 
altered communities that we see today. To understand the large-
scale processes of nutrient cycling across much of the planet, 
we need to develop a new research paradigm where agropasto-
ral systems are considered the major ecological drivers.

Regulation of Insect Pest Populations
Bats are voracious feeders of night-flying insects. High mass-
specific metabolic rates put large energetic demands on bats 
during their active periods (Speakman and Thomas 2003). Field 
studies of feeding rates and daily energy budgets suggest that 
individual bats typically consume the equivalent of 1/4 to 2/3 of 
their body mass in insects each night, with these demands peak-
ing during reproduction (Kunz et al. 1995). Extrapolation from 
numbers of bats feeding over landscapes has led to impressive 
estimates of the numbers (billions of individuals) and mass of 
insects (1,000s of tons) eaten nightly by large populations of 
bats (Lee and McCracken 2005; Leelapaibul et al. 2005). We 
now have a clearer understanding of the diets of insectivorous 
bats and whether this might affect pest insect populations, or 
associated ecosystem services.

The first anecdotal attributions that feeding by bats might 
reduce insect populations and protect crops date from nearly 
a century ago (Allen 1939:78–82). Visual inspection of insect 
fragments in feces has informed us on what bats eat; however, 
the approach is labor-intensive, has limited taxonomic reso-
lution, and is biased against recovery of rare, very small, or 
soft-bodied insects (Whitaker et al. 2009). Difficulty of identifi-
cation is increased because bats often cull the hardest and most 
diagnostic parts of insects before consuming them (Gardner 
1977). By counting body parts recovered in fecal pellets, 
Whitaker (1995) estimated that between April and October, 
a colony of 150 big brown bats (Eptesicus fuscus) in Illinois 
would consume about 600,000 cucumber beetles (Diabrotica 
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spp.) and presented this as evidence that E. fuscus is an impor-
tant biological control agent for cucumber beetles and other 
crop pests; it is unclear if this level of consumption regulates 
cucumber beetle populations. Analyses of stomach contents 
can reveal detailed information on diet but is lethal and not rec-
ommended (Whitaker et al. 2009). More recent studies of bat 
diets have utilized polymerase chain reaction (PCR) to amplify 
insect gene sequences to identify prey from fecal DNA. This 
approach has vastly improved taxonomic resolution. Clare 
et  al. (2009) matched DNA sequences amplified from the 
culled body parts of insects to identify a total of 127 arthropod 
species in the diet of red bats (Lasiurus borealis). Automated 
meta-barcoding techniques now employ mass extraction of 
DNA from guano samples to reveal the incredible diversity in 
the diets of bats; they typically identify 100s of species of prey 
belonging to diverse arthropod taxa (e.g., Zeale et  al. 2011; 
Clare et al. 2014). PCR primers were developed for the mito-
chondrial cytochrome oxidase (COI) gene for meta-barcoding 
studies of bat diets (Zeale et al. 2011). This allows for the iden-
tification of insects in the diet and provides data on numbers 
of sequence reads for each identified food item. Recent work 
argues that relative sequence reads can provide information on 
proportional abundance of dietary items (Deagle et al. 2018). 
Nonetheless, quantitative interpretation of how many or what 
proportion of an animal’s diet comprises any particular prey 
species has been elusive in molecular studies (Deagle et  al. 
2018), including alternative approaches employing quantita-
tive PCR to amplify targeted pest species (McCracken et  al. 
2012). Both traditional and molecular studies of bat diets show 
that bats are opportunistic consumers. Diets differ among spe-
cies (Whitaker 1995; Clare et al. 2014), the diet of a particular 
species can differ markedly in time and space (Whitaker et al. 
1996; Lee and McCracken 2005; Clare et al. 2013), and differ-
ent cohorts of bats within populations may eat different types 
of insects (Johnston and Fenton 2001; Mata et al. 2016). These 
studies concur that insectivorous bats are generalist predators 
and that variation in diet reflects prey availability and differ-
ences among bats in foraging behaviors rather than in food spe-
cialization per se.

It is uncertain if insectivorous bats can exert sufficient pre-
dation pressure to regulate (control or suppress) insect popu-
lations. Favored agents for biocontrol of insect populations 
are specialist predators and parasitoids, and generalist feeders 
are thought to be ineffective in suppressing pest populations 
(i.e., as pest numbers decline, the predator will shift attention 
to more abundant prey—Knipling 1979). Nonetheless, insect-
eating bats have been shown to provide significant services by 
reducing the impacts of insect pests on agricultural production 
and costs of pest control (Kunz et al. 2011; Boyles et al. 2013). 
As examples, Cleveland et al. (2006) estimated that Mexican 
free-tailed bats (Tadarida brasiliensis) provided services val-
ued at $121,000 to $1,725,000 USD annually in limiting dam-
age and costs of insecticides on cotton in an eight-county region 
in south-central Texas, and Federico et al. (2008) demonstrated 
that the agronomic impact of bats persists with the adoption 
of transgenic (Bacillus thuringiensis, Bt) cotton. Extrapolating 

these services, the annual value of bats to all agriculture across 
the continental United States was estimated at between $3.7 and 
$53 billion USD (Boyles et al. 2011). In addition to estimates 
of avoided cost, replicated field experiments demonstrate that 
exclusion of bats from agricultural plots results in greater dam-
age to crops by insects (Williams-Guillén et  al. 2008; Böhm 
et al. 2011). Excluding bats from cornfields results in losses of 
more than $1 billion USD globally for this crop alone (Maine 
and Boyles 2015). Worldwide, insect-eating bats make huge 
contributions with regard to increased crop yields (Leelapaibul 
et  al. 2005; Maas et  al. 2013; Puig-Montserrat et  al. 2015), 
reduced need for pesticides and enhanced ecosystem integrity 
(Maas et al. 2013; Puig-Montserrat et al. 2015), and increased 
food security (Wanger et al. 2014). In addition, the value of these 
contributions changes in space and time in response to market 
forces and shifting agricultural practices (López-Hoffman et al. 
2014). The services that insectivorous bats provide are cogent 
arguments for bat conservation (Wiederholt et al. 2014; Maine 
and Boyles 2015).

Generalist predators can be effective as biological control 
agents if they 1) persist on alternative prey when pest numbers 
decline, and 2)  recruit rapidly to exploit resurgent pest num-
bers (Symondson et al. 2002). Their dietary opportunism, high 
metabolic demands, ability to swiftly travel long distances, and 
longevity (Wilkinson and South 2002) suggest that bats fulfill 
these requirements. Despite assertions that bats might affect 
vectors of West Nile or Zika viruses, with the exception of 
reducing fungal infections in corn (Maine and Boyles 2015), 
no evidence conclusively documents that bats mitigate insect-
borne diseases or regulate or control populations of any insect 
species. However, the apparent threat of foraging bats may 
reduce oviposition in mosquitoes (Reiskind and Wund 2009), 
and recent molecular analysis of the diet of little brown bats 
(Myotis lucifugus) reveals higher prevalence of mosquitoes in 
their diet than previously documented, including consumption 
of nine species of mosquitoes known to be vectors of West 
Nile virus (Wray et  al. 2018). Carefully designed studies of 
the impacts of bats on insect-borne diseases are an important 
emerging area of research, especially in light of climate change 
and the expansion of certain tropical diseases.

Mammal–Plant Interactions
Pollination services.—Most flowering plants (angio-

sperms) rely on animals as pollinators to maintain fitness 
and genetic diversity and improve resilience to environmen-
tal change through enhanced gene flow. Animals pollinate 
78% of plant species within temperate-zone communi-
ties and up to 94% in tropical communities (Ollerton et al. 
2011). Animals that pollinate plants include insects, birds, 
and mammals, and they serve as mobile links among plant 
populations, sometimes facilitating pollen and gene flow 
over considerable distances. A  total of 355 mammal spe-
cies have been reported to visit flowers to feed on nectar and 
pollen, either as their main diet source or in an opportunis-
tic manner (Fleming and Kress 2013; Regan et  al. 2015). 
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Morphologically and behaviorally specialized nectar-feeding 
mammals occur in only two orders, representing three of the 
154 families and 64 species of terrestrial mammals listed by 
Wilson (2009). Of the 64 species, most are bats (Table 1).  
Additional species of pteropodid, phyllostomid, and vesper-
tilionid bats (e.g., species of Pteropus spp., Artibeus spp., 
and Antrozous pallidus, respectively) can be effective pol-
linators despite being opportunistic flower visitors (reviewed 
in Fleming and Kress 2013; Frick et al. 2013; Aliperti et al. 
2017). Nonflying mammals such as marsupials, primates, 
rodents, and small carnivores also visit flowers (Fleming 
and Kress 2013). Nonetheless, pollination effectiveness (i.e., 
sufficient transfer of pollen to receptive stigmas) of many of 
these species is still questionable because these mammals 
often damage flowers as they feed (Fleming and Sosa 1994).

Plants have evolved flower traits called pollination syndromes 
that reflect convergent adaptation for pollination by particular 
types of animals (Fenster et al. 2004). Nectar-feeding mammals 
generally select large flowers with large nutritional rewards. 
A  well-documented pollination syndrome, chiropterophily, 
involves the adaptation of flowers to attract bats, which are the 
most common nectar-feeding mammals that effectively polli-
nate plants (Tschapka and Dressler 2002).

The evolution of bat pollination in tropical and subtropi-
cal plants from a phylogenetic and biogeographical perspec-
tive for both plants and bats was reviewed by Fleming et  al. 
(2009). Pollination and nectar-feeding are common in only two 
of the 20 currently recognized families of bats: Pteropodidae 
(megabats), which occur throughout tropical and subtropi-
cal regions of Africa, including Madagascar, Asia including 
Indonesia, Australia, Papua New Guinea, and Pacific islands; 
and Phyllostomidae, which inhabit tropical and subtropical 
regions of the Americas. Flower-visiting phyllostomid species 
occur in two closely related subfamilies: Glossophaginae and 
Lonchophyllinae (Supplementary Data SD3). Only six genera 
and 11 species in Pteropodidae are morphologically special-
ized for flower visiting, and they represent three clades (two 
in Asia and one in Africa—Giannini and Simmons 2005; 
Supplementary Data SD3). Specialized nectar-feeding bats in 
these families share a common set of morphological features, 
including an elongated rostrum, dentition that is reduced in size 
and number of teeth, and a long tongue that is tipped with hair-
like papillae, which are used to collect nectar rapidly during 
brief flower visits. Flower-visiting pteropodids lack echoloca-
tion, and differ from phyllostomids with respect to body size 
(pteropodids are larger), rostral and tongue lengths relative to 

Table 1.—Summary of mammal groups documented to visit flowers. Families with specialized nectar-feeding species are shown in bold font. 
Data from Fleming and Kress (2013), Frick et al. (2013), and Regan et al. (2015). Threatened species include IUCN Red List categories: Critically 
Endangered, Endangered, and Vulnerable (IUCN et al. 2008).

Order Family Genera Species Threatened species (n)

Carnivora Procyonidae 3 3 0
Viverridae 1 1 0
Cetartiodactyla 1 1 0

Chiroptera Mystacinidae 1 1 0
Pteropodidae (part) 15 105 28
Pteropodidae (part) 6 12 12
Phyllostomidae (part) 14 79 6
Phyllostomidae (part) 19 51 6
Vespertilionidae 1 1 0

Dasyuromorphia Dasyuridae 5 12 3
Didelphimorphia Didelphidae 4 6 0
Diprotodontia Acrobatidae 1 1 0

Burramyidae 2 5 1
Petauridae 1 3 1
Phalangeridae 1 3 0
Pseudocheiridae 1 1 0
Tarsipedidae 1 1 0

Macroscelidea Macroscelididae 1 2 0
Primates Aotidae 1 2 1

Atelidae 3 3 2
Callithricidae 2 2 1
Cebidae 4 9 2
Cercopithecidae 6 9 2
Cheirogaleidae 4 7 0
Daubentoniidae 1 1 0
Galagidae 1 1 0
Lemuridae 2 6 4
Lorisidae 2 2 1

Rodentia Cricetidae 3 3 0
Gliridae 1 1 0
Muridae 9 11 0
Platacanthomydae 1 1 1
Sciuridae 5 7 0
Scandentia 2 2 0

TOTAL 125 355 71
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overall size (greater in phyllostomids), and foraging behavior 
when approaching flowers for feeding (phyllostomids typically 
hover, whereas pteropodids usually land on flowers before 
feeding—Fleming et  al. 2009). These two families have dif-
ferent evolutionary histories (Supplementary Data SD3).

One nonvolant mammal is a specialized flower visitor, the 
Australian honey possum (Tarsipes rostratus). It is an impor-
tant pollinator of Banksia spp. (Proteaceae), a common tree in 
on the southern coast of Western Australia (Wooller et al. 1993). 
Although not specialized flower visitors, several murid rodents 
in South Africa (e.g., Acomys subspinosus and Micaelamys 
namaquensis) are dedicated flower visitors and likely are effec-
tive pollinators (e.g., Johnson et al. 2001; Kleizen et al. 2008).

Pollination is a regulating service and can have a signifi-
cant economic impact. Because the definition of ecosystem 
services implies benefits for people, the main aspects of polli-
nation that have been considered are those related to crop pro-
duction. A global initiative, the Economics of Ecosystems and 
Biodiversity (TEEB), presented estimates of the importance of 
pollination services to people and indicated that about 70% of 
the world’s crop plants, as well as many plants that are sources 
for pharmaceuticals, rely on pollination by animal vectors, es-
pecially bees (TEEB 2010). The Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services 
(IPBES) report emphasized the need for focused conservation 
initiatives on plant–pollinator complexes (IPBES 2016).

The role of mammals as pollinators has been recognized 
widely, but the link to its economic value has seldom been 
studied in detail (e.g., Fujita and Tuttle 1991; Bumrungsri 
et  al. 2009). As a first step, it is necessary to understand the 
geographic distribution of nectar-feeding mammals worldwide 

to identify links to the potential services that they provide 
within agricultural landscapes. Specialized nectar-feeding 
mammals, primarily bats, are important pollinators of several 
tropical crops (Table 2). Human-valued plants with chirop-
terophilous flower traits occur in the Agavaceae, Bignoniaceae, 
Bromeliaceae, Cactaceae, Fabaceae, Gesneriaceae, Malvaceae, 
Musaceae, Myrtaceae, Sapotaceae, and Solanaceae (Kunz et al. 
2011). Nonetheless, estimates of the economic value of pollina-
tion services provided by mammals to species in these families 
are difficult to quantify for two main reasons: 1) lack of infor-
mation about the economic value of many crops, and 2) lack of 
detailed knowledge about the actual contribution of mammals 
to the pollination of crops with economic value. In addition 
to direct economic benefits, mammalian pollinators also pro-
vide indirect ecological services whenever they help to main-
tain plant populations that are often important species within 
ecosystems. Those plants contribute to ecosystem functionality, 
as they are a food source for herbivores, especially during times 
of scarce resources.

Given the importance of bat-mediated pollination, a number 
of conservation concerns are related to specialized nectar-
feeding bats. Some bats migrate annually between a series 
of landscapes and over considerable distances (e.g., some 
Leptonycteris migrate > 1,200 km, one-way), and these move-
ments are driven by the availability of flower resources (Fleming 
and Kress 2013; Gomez-Ruiz and Lacher 2017). These kinds 
of seasonal movements are known for glossophagine bats in 
Mexico, the United States, and Costa Rica. In pteropodids, mi-
gratory species occur in lowland Malaysia and in the eucalypt 
forests of eastern and northern Australia (Kunz et al. 2011). The 
conservation concern is that most of the foraging areas along 

Table 2.—Examples of economically and ecologically important plants that are pollinated by bats. Data from Kunz et al. (2011) and Fleming 
and Kress (2013).

Family or subfamily Taxon Comments

Economically important plants
 Agavaceae Agave, subgenus Agave Paniculate agaves such as A. tequilana are used to make tequila, mescal, and 

bacanora with high economic value; leaf fibers are used as sisal
 Cactaceae Many genera in tribe Pachycereeae, 

subfamily Cactoideae
Native populations in the southwestern United States and Latin America harvest 
fruits of bat-pollinated cactus species in genera such as Carnegiea, Pachycereus, 
and Stenocereus. Some species of Stenocereus are grown commercially for their 
fruits

 Caryocaraceae Caryocar Many species have seeds that are oil sources in tropical America; inner bark of 
C. glabrum (soapwood) used for washing

 Fabaceae, Mimosoidae Parkia speciosa Commercially important fruit species in Southeast Asia
 Malvaceae, Bombacoideae Ceiba Fibers from fruits of C. pentandra and other congeners are used to make kapok
 Malvaceae Ochroma Balsa, world’s lightest commercial timber
 Malvaceae, Helicteroideae Durio Durio zibethinus (durian) and several other congeners are cultivated for edible fruits 

and seeds in Southeast Asia and elsewhere in the tropics
 Musaceae Musa Bananas, pteropodid bats pollinate flowers of wild bananas. Cultivated bananas 

have high economic value
Ecologically important plants
 Agavaceae Agave Many species of paniculate agaves are conspicuous members of arid upland habitats 

in the Neotropics
 Cactaceae, Cactoideae Many columnar cacti in several tribes 

of this subfamily
Columnar cacti are keystone species in many arid habitats of the Neotropics

 Malvaceae, Bombacoideae Adansonia, Bombax, Ceiba, Pachira, 
Pseudobombax, etc.

Trees are often dominant (in terms of basal area) members of tropical forests 
worldwide

 Proteaceae Banksia Common tree on the southern coast of Western Australia, pollinated by honey  
possums (Tarsipes spp.)
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migration routes are not protected, and conservation strategies 
must entail multinational collaboration as these bats often move 
across international borders. Regan et al. (2015) studied global 
trends in the status of bird and mammal pollinators based on 
the Red List Index (Butchart et al. 2004) using data from 1996 
and 2008, and suggested that mammalian pollinators are de-
clining in status, with more species moving toward extinction 
than away from it. In the most recent mammal risk assessment 
(IUCN et al. 2008), a total of 71 flower-visiting mammal spe-
cies are endangered, including 18 (28%) of the specialized 
nectar-feeding mammal species (Table 1). We need to support 
studies that clarify the impact of the declines in pollinator spe-
cies on reductions in genetic diversity in ecologically and ec-
onomically important plants and reduced climate resilience of 
plant populations.

Frugivory and seed dispersal.—Frugivory and associated 
seed dispersal are the major mutualistic interactions that mam-
mals have with their food plants. In this mutualism, plants pro-
vide fleshy fruits to attract frugivores, which provide dispersal 
of seeds. Unlike most mammalian nectar-feeders and pollina-
tors, which are generally small, frugivores span the entire size 
range of terrestrial mammals, from 0.005-kg phyllostomid bats 
(e.g., Ectophylla alba) to 7,500-kg African elephants. Although 
many mammals, including some carnivores, eat fruit and dis-
perse seeds, mammals whose diets are especially rich in fruits 
are mostly tropical in distribution and include at least 10 orders, 
14 families, and about 600 species (Fleming and Kress 2013). 
The order Primates is notable because frugivory occurs in most 
of its species (Gómez and Verdú 2012). Primates play a crit-
ical role in the dispersal of the seeds of large fruits, yet are 
under increasing risk of extinction through severe population 
declines driven by habitat loss and overexploitation (Estrada 
et al. 2017). Frugivory is also common in two families of bats: 
Phyllostomidae (> 70 fruit-eating species), and Pteropodidae 
(> 160 fruit-eating species). Moreover, frugivory is primarily a 
tropical phenomenon because a majority of plant species there 
produce fleshy fruits whose seeds are dispersed by a wide vari-
ety of birds and mammals.

Angiosperms began to evolve fleshy fruits and to rely on 
vertebrates to disperse their seeds about 80 Ma (Eriksson 
2016). After the extinction of multituberculate mammals in 
the Paleocene and Eocene, angiosperm fruit and seed size 
increased sharply and eutherians such as rodents and primates 
(both plesiadapiforms and euprimates) became important seed 
dispersers (e.g., Sussman et al. 2013). By mid-Miocene, essen-
tially modern guilds of frugivorous birds and mammals, includ-
ing bats, had evolved in concert with a diverse array of fruit 
types and sizes that occur throughout angiosperm phylogeny 
(Fleming and Kress 2013).

Fruit and seed size has played an important role in the coevo-
lution of angiosperms and their interactions with fruit-eating 
seed dispersers. Cretaceous angiosperm plants, fruits, and 
seeds were small and thought to have been dispersed abioti-
cally. Fruit and seed size diversity increased substantially dur-
ing the early Paleogene, as angiosperms formed closed-canopy 
forests, which often favor the evolution of large seeds (Eriksson 

2008). Single-seeded drupes were apparently more common 
than multi-seeded berries in these forests. The seeds of drupes 
are generally larger than those of berries (Leishman et al. 2000) 
and their prevalence in basal tropical forest angiosperms in the 
Paleocene and Eocene implies that relatively large-sized fru-
givorous mammals were in these forests because the body sizes 
of frugivorous birds and mammals are correlated positively 
with average size and size range of their fruit (Fleming and 
Kress 2013).

Fruit and seed size vary predictably as a function of succes-
sional sere and forest stratum in contemporary habitats. Early 
successional plants generally produce smaller fruits and seeds 
compared to plants associated with late successional stages, 
and canopy trees generally produce larger fruits and seeds 
(and a greater variety of propagule sizes) compared to under-
story plants (Leishman et al. 2000). Small-seeded fruits can be 
ingested easily by many frugivores of a wide range of body 
sizes, which gives such seeds a high degree of dispersability. 
In contrast, large-seeded fruits are most easily eaten by a more 
limited range of (large) body sizes, which gives such seeds 
more limited dispersability.

Contemporary assemblages of fruit-eating tropical mammals 
occur in three broad categories: 1)  terrestrial species that are 
typically large, including species of caviomorph rodents (in 
the Neotropics), browsing ungulates (e.g., cervids, tragulids), 
gorillas, elephants, tapirs (Tapirus spp.), and rhinoceroses; 
2) scansorial-arboreal species that are typically intermediate in 
size, including squirrels and primates; and 3) small bat species 
(Table 1). In general, Old World frugivores in each of these 
groups are larger than their New World counterparts (Table 3; 
Fleming et  al. 1987). Currently, the terrestrial megafauna of 
mammals weighing > 1,000 kg is depauperate in the Neotropics 
compared to the Paleotropics, but this has not always been the 
case. For example, the megafauna in the Pleistocene of Central 
and South America included horses, gomphotheres, and 
ground sloths that were important dispersers of seeds found in 
large fruits of many plant families (Janzen and Martin 1982; 
Guimarães et al. 2008).

The diet breadths of mammalian frugivores generally are 
correlated with body size, and the diets of large species often 
include more fruit species than do those of small species. 
African and Asian elephants (Elephas maximus), for instance, 
have diets that include at least 350 and 100 fruit species, re-
spectively (Harich et al. 2016), and certain large-seeded species 
in Africa such as Balanites wilsoniana (Zygophyllaceae; seeds 
are 8.8  cm long) and Sacoglottis gabonensis (Humiriaceae; 
seeds are 4  cm long) rely exclusively on African elephants 
for dispersal. No such exclusive relationship is yet known for 
Asian elephants (Harich et  al. 2016). Similarly, the diets of 
eight species of primates in the Lope Reserve of Gabon contain 
20–114 species of fruit, with western lowland gorillas (Gorilla 
gorilla) and chimpanzees (Pan troglodytes) eating many more 
fruit species than smaller cercopithecines (Tutin et al. 1997). 
In contrast, two well-studied species of phyllostomid bats with 
broad geographic distributions, Carollia perspicillata (18  g) 
and Artibeus jamaicensis (45 g), eat 13–24 and 10–16 species 
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of fruit, respectively, at localities throughout their ranges 
(Fleming 1986).

Despite typically broad diets, most mammalian (and avian) 
frugivores concentrate on particular core fruit families for the 
bulk of their diets. In the tropics, these families generally have 
long fruiting seasons, are species-rich, and are abundant in 
many habitats (Fleming 1986). Well-known core families for 
frugivorous phyllostomids include Piperaceae, Solanaceae, 
and Moraceae. Neotropical monkeys forage on Myristicaceae 
and Sapotaceae; African monkeys forage on Ebenaceae and 
Fabaceae; and African elephants forage on Euphorbiaceae and 
Rubiaceae (see Fleming and Kress 2013 for a more extensive 
list of core plant families).

Although mammals eat many kinds of fruit, the issue remains 
about the effectiveness of different groups of frugivores as seed 
dispersers. In their review of the effects of mammalian mutual-
ists on the reproductive success of their food plants, Fleming 
and Sosa (1994) noted that frugivores can affect plant reproduc-
tive success by allowing seeds to escape pre- and post-dispersal 
predators, by affecting the recruitment rate of new seedlings, 
and by enabling plants to colonize new habitats. This highlights 
three additional questions concerning frugivores and seed dis-
persal: 1)  Are particular frugivores legitimate dispersers and 
do they treat seeds in germinable fashion? 2)  Are frugivores 
efficient in depositing many seeds in good germination sites? 

and 3) Are frugivores effective by accounting for most of the 
seedlings that become established?

The answer to the first question generally is yes. Experimental 
studies using many kinds of fruit-eating mammals (e.g., bats, 
primates, elephants) indicate that most species regurgitate 
or defecate seeds in germinable condition (e.g., Heer et  al. 
2010; Fuzessy et al. 2016; Harich et al. 2016). In fact, inges-
tion by mammals generally enhances germination success and 
germination rates.

For the second question, it is difficult to determine the fate 
of most seeds that are dispersed by mammals (e.g., Fleming 
1988; Russo and Augspurger 2004). Although the fate of most 
consumed seeds is death, a sufficient number survive because 
of the sheer numbers being dispersed across different sites by 
multiple species. Consequently, dispersal by mammals is ben-
eficial for many plants. Certain phyllostomid bats, which are 
generally common in disturbed habitats, are especially impor-
tant dispersers of seeds of colonizing plants in the Neotropics 
(Muscarella and Fleming 2007). As a result, these bats play an 
especially important role in regeneration of Neotropical forests. 
Bats could be an important tool for accelerating natural regen-
eration of degraded tropical forest by drawing them to roosts 
scented with essential fruit oils (Bianconi et al. 2010).

Regarding the third question, determining which dispersers 
are responsible for the recruitment of particular plant seedlings 

Table 3.—Major mammalian families containing fruit-eating species in three tropical regions. Data from Fleming and Kress (2013) and Nowak 
(1991). Sc-Arb = scansorial-arboreal; Terr = terrestrial; Vol = volant. Number of species indicates number of fruit-eating species.

Region  Order and family Foraging zone Number of species Range of body mass (kg)

Neotropics Carnivora, Procyonidae Sc-Arb 14 0.80–12.0
Chiroptera, Phyllostomidae Vol 70 0.005–0.090
Perissodactyla, Tapiridae Terr 3 180–320
Primates, Aotidae Sc-Arb 24 0.95–1.1
Primates, Atelidae Sc-Arb 24 8.0–12.1
Primates, Cebidae Sc-Arb 56 0.10–5.0
Primates, Pitheciidae Sc-Arb 10 2.0–3.0
Rodentia, Dasyproctidae Terr 13 1.3–12.0
Rodentia, Echimyidae Sc-Arb 90 0.039–0.700

African Tropics Artiodactyla, Tragulidae Terr 1 9.7–12.0
Carnivora, Viverridae Sc-Arb 1 2.1–5.0
Chiroptera, Pteropodidae Vol 25 0.020–0.42
Perissodactyla, Rhinoceratidae Terr 2 1,400–3,600
Proboscidea, Elephantidae Terr 2 To 7,500
Primates, Cheirogalidae Sc-Arb 21 0.098–0.60
Primates, Lorisidae Sc-Arb 11 0.125–2.0
Primates, Lemuridae Sc-Arb 19 2.5–4.5
Primates, Indriidae Sc-Arb 11 1.2–10.0
Primates, Cercopithecidae Sc-Arb 41 1.23–41.0
Primates, Hominidae Terr-Arb 4 50–275
Rodentia, Anomaluridae Sc-Arb 7 0.018–1.10
Rodentia, Gliridae Sc-Arb 14 0.018–0.030

Asian Tropics Artiodactyla, Tragulidae Terr 3 0.7–0.8
Carnivora, Viverridae Sc-Arb 7 1.5–14.0
Chiroptera, Pteropodidae Vol 160 0.012–1.60
Dermoptera, Cynocephalidae Sc-Arb 3 1.0–1.8
Perissodactyla, Tapiridae Terr 1 180–320
Perissodactyla, Rhinocerotidae Terr 3 1,000–2,200
Primates, Lorisidae Sc-Arb 3 0.085–2.0
Primates, Cercopithecidae Sc-Arb 16 2.50–15.0
Primates, Hylobatidae Sc-Arb 14 8.0–13.0
Primates, Hominidae Sc-Arb 1 50–90
Proboscidea, Elephantidae Terr 1 To 5,400
Scandentia, Tupaiidae Sc-Arb 19 0.060–0.35
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is difficult. Nonetheless, natural experiments and computer 
simulations indicate that seed dispersal by mammals is impor-
tant because in its absence, seedling recruitment rates of their 
food plants will decrease and plant community composition 
will change (e.g., Webb and Peart 2001; Muller-Landau 2007). 
Where hunters have reduced the abundance of large mammals, 
few seeds are dispersed, leading to a recruitment bottleneck in 
large-seeded plants (Howe et al. 1985; Wright et al. 2000). In 
persistently hunted Amazonian forests, where large primates 
are severely reduced in numbers, the probability of effec-
tive dispersal of large-seeded plants that are ingested primar-
ily by these frugivores can decline by > 60% (Peres and van 
Roosmalen 2002). This can lead to large-scale disruptions of 
ecosystem services, including the intrinsic capacity of tropical 
forests to maintain carbon stocks, as shown for the Brazilian 
Atlantic Forest (Bello et al. 2015) and the Amazon (Peres et al. 
2016). In a comparison of effects of medium-to-large primates 
at three unhunted and three hunted forest sites in lowland Peru, 
species richness decreased by 46% and the frequency of seed-
lings of abiotically dispersed species increased by 284% in the 
hunted sites (Nuñez-Iturri et al. 2008). Similar results have been 
reported elsewhere in the Neotropics and in the Afrotropics 
(e.g., Effiom et al. 2013; Rosin and Poulsen 2016).

Increased mobility of propagules (pollen and seeds) is per-
haps the most important reason why angiosperms have evolved 
mutualisms with many animals. In the case of frugivory, move-
ment of seeds away from the immediate vicinity of parent 
plants can result in increased seed survival and seedling recruit-
ment rates, particularly in the tropics (reviewed by Carson et al. 
2008). Some seed dispersal is nearly always better than none 
(Howe and Miriti 2004). Although seed dispersal probabilities 
away from parent plants decrease rapidly with distance in most 
systems, frugivorous birds and mammals are especially impor-
tant for producing dispersal curves with long tails. For example, 
given their long gut retention times and long daily movements, 
African and Asian elephants can disperse seeds dozens of 
kilometers before defecating them (Harich et al. 2016). Most 
other mammals, however, including many primates and bats, 
provide much more modest maximum dispersal distances of 
only a few kilometers (reviewed in Fleming 1988; Fleming and 
Kress 2013). Nonetheless, even these dispersal distances are 
sufficient to maintain tropical plant populations and to provide 
the occasional colonization of new or recently disturbed habi-
tats (e.g., Muscarella and Fleming 2007; Heymann et al. 2017).

Finally, the fate of many large-bodied frugivorous birds and 
mammals in the tropics, including pteropodids on oceanic is-
lands, currently hangs in the balance because of overhunting 
and habitat fragmentation (Peres and Palacios 2007; Wiles 
and Brooke 2009). As populations of these species decline, so 
does the effective dispersal of their food plants in two respects: 
1)  overall seed rain away from parent plants is reduced, and 
2)  maximum dispersal distances are shortened. As a result, 
large-seeded plants that rely on large-bodied birds and mam-
mals for dispersal will suffer reduced recruitment rates, as 
well as a decline in abundance with a concomitant increase in 
the abundance of small-seeded plants that are dispersed either 

abiotically or by small-bodied vertebrates. Current fruit–mam-
malian frugivore interactions are the products of at least 65 
million years of evolution. Unless efforts to protect valuable 
mammalian mutualists increase throughout the tropics, the ex-
tinction of many of these interactions will likely occur within a 
few human generations.

Scatter hoarding and seed dispersal.—Mammals and espe-
cially rodents are important predators of seeds (e.g., Brown 
et al. 1979; Hulme and Benkman 2002). Their impact on seed 
populations is rivaled only by that of a large variety of seed-
eating insects. Seeds are nutritious, often containing high pro-
portions of proteins and lipids; therefore, many granivorous 
rodents have evolved to exploit this rich resource. Rodent 
communities can have important impacts on plant population 
dynamics by consuming seeds and disturbing the soil, thereby 
affecting biodiversity and changing the structure of vegetation 
(e.g., Heske et  al. 1993). But when rodents store seeds, they 
can have overall positive impacts on plant populations despite 
the fact that they consume most of the seeds (Jansen and Forget 
2001). This net positive effect arises because scatter hoarding 
can be an effective means of seed dispersal (e.g., Price and 
Jenkins 1986).

When the American Society of Mammalogists first met 
in 1919, scatter hoarding of seeds by animals and its effect 
on seed dispersal was in the realm of natural history. Early 
ecologists were aware that squirrels (Sciurus spp.) and cor-
vids (e.g., jays) buried nuts in the fall as a winter food, and it 
was generally believed that those nuts that were not retrieved 
germinated in the spring. Our understanding of the scatter 
hoarding–seed dispersal syndrome has expanded to include a 
much wider variety of propagules (see Supplementary Data 
SD4).

Unlike other seed dispersal syndromes, propagules dispersed 
by scatter-hoarding animals are sometimes described as not 
having any obvious adaptations for seed dispersal. For exam-
ple, some plant species dispersed in this way were initially 
described as having unassisted seed dispersal. This incorrect 
impression largely arose because, prior to the 1970s, the adap-
tive nature of these seeds and nuts was not well understood. 
Before that time, a coevolutionary perspective was not perva-
sive. Adaptations to attract dispersers include being relatively 
large, spherical, richly colored in various brownish hues (i.e., 
conspicuous), very nutritious (e.g., rich in fats), and poorly 
defended chemically (acorns are an exception). Additionally, 
some seeds fall to the ground at maturity so that they can be 
gathered by ground-foraging rodents (Jansen and Forget 2001; 
Steele et al. 2001; Vander Wall 2001). Nuts and seeds are typi-
cally encased in an inedible protective husk, but in some cases, 
the outer covering is edible (Beck and Vander Wall 2011). This 
indicates that primary dispersal might be by a different vector 
(e.g., frugivores) (Vander Wall and Longland 2004). Masting, 
the synchronous production of large seed crops over a large 
region, separated by one or more years of small seed crops, 
helps to satiate seed predators and increase the effectiveness 
of dispersal (Sork 1983; Vander Wall 2002). Scatter hoarding 
is regarded as a nearly global seed dispersal syndrome, occurs 
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on all continents in temperate and tropical environments, and 
includes broad-leaved forests, coniferous forests, deserts, and 
other habitats (Supplementary Data SD5).

Understanding of the dynamics and fates of stored seeds 
and nuts has increased with the development of new methods 
to track individual propagules. Larger nuts with metal objects 
inserted into the interior of the seed have been tracked using 
a metal detector (Sork 1984) and seeds with rare earth mag-
nets detected with a magnetometer (Borchert 2004). Colored 
threads, ribbons, or fine wires have been attached to large nuts 
with small numbered tags (Forget 1992). Relatively small seeds 
have been numbered and tracked with radioisotopes (e.g., 
Vander Wall 1994, 2008). Large nuts of Astrocaryum stand-
leyanum have been equipped with tiny transmitters and tracked 
by radiotelemetry in conjunction with camera traps to moni-
tor which rodent recovered the nuts (Jansen et al. 2012). These 
studies have allowed researchers to follow the fates of individ-
ual seeds and nuts, greatly increasing our understanding of the 
spatial and temporal dynamics of cached foods.

The impact of rodent and corvid seed scatter hoarders on 
plant communities can be tremendous. In some plant commu-
nities, seed caching accounts for most of the plant biomass. For 
example, Jeffrey pine (Pinus jeffreyi) forests essentially form 
monocultures in lower elevations of the Sierra Nevada and 
Cascade Mountains of western North America. Virtually all 
of these trees are thought to be established by scatter-hoard-
ing rodents and corvids (Vander Wall 2008), accounting for > 
95% of plant biomass. Further, the dominant understory shrubs 
(antelope bitterbrush, Purshia tridentate—Vander Wall 1994; 
Sierra bush chinquapin, Castanopsis sempervirens—Roth and 
Vander Wall 2005; and green-leaf manzanita, Arctostaphylos 
patula—Moore and Vander Wall 2015) are all dispersed by 
seed-caching rodents. Similar claims could be made for oak–
hickory (Quercus–Carya) forests of the eastern United States 
(Sork 1983; Steele et al. 2001) and the single-leaf pinyon–Utah 
juniper (Pinus monophylla–Juniperus osteosperma) woodlands 
of Nevada (Vander Wall 1997; Dimitri et al. 2017).

New seed-tracking methods suggest that pilfering and re-
caching is frequent (e.g., Vander Wall 2008; Jansen et al. 2012) 
as many rodent species are proficient at detecting and excavat-
ing hidden seeds and nuts. In some environments, seeds move 
from site to site on nearly a daily basis, resulting in a spa-
tially and temporally dynamic stored food resource. An indi-
vidual that does not pilfer quickly loses control of the stored 
food resource, resulting in strong selection for pilfering abil-
ity. Some species of rodents, such as yellow-pine chipmunks 
(Tamius amoenus—Vander Wall 2000), Merriam’s kangaroo 
rats (Dipodomys merriami—Murray et al. 2006), and agoutis 
(Dasyprocta spp.—Jansen and Forget 2001; Jansen et al. 2012) 
have evolved to be effective seed pilferers, enabling them to 
secure a larger portion of stored food resources. High levels 
of pilfering have important implications for the coexistence of 
competing rodent species (Leaver and Daly 2001). Instead of 
competing for seeds at the source (e.g., Brown et  al. 1979), 
species compete for seeds buried in the soil. This could mean 
that a species that is an inferior competitor at the food source 

might avoid competitive exclusion from a community if it is a 
superior pilferer of scatter-hoarded seeds.

When stored food being pilfered and re-cached is a seed, 
pilfering and re-caching have important consequences for 
plants. Seed dispersal by scatter-hoarding animals does not 
involve a single step of movement from a source plant to a 
cache site, but incorporates numerous subsequent movements 
(secondary dispersal). Each time a stored seed is handled, 
there is a small probability that it could be eaten, but most 
seeds are moved a short distance and restored. Approximately 
half of these secondary movements are away from the source 
plant, increasing maximum dispersal distances. Each time 
seeds are re-cached, maximum dispersal distances increase. 
This “relay dispersal” could significantly increase the dis-
persibility of nuts beyond what is normally considered likely 
for propagules cached by rodents and corvids (e.g., Jansen 
et al. 2012), which could increase plant migration rates fol-
lowing disturbance (e.g., deglaciation) or increase a plant’s 
ability to colonize new habitats.

In many situations, levels of pilfering are so high (> 
5% per day—Vander Wall and Jenkins 2003) that it is unlikely 
that individuals that initially store seeds consume them months 
later. The evolution of scatter-hoarding behavior might have 
a different explanation than that proposed by Andersson and 
Krebs (1978), who theorized that a scatter hoarder had to ben-
efit from its own caches more than would any other individual. 
This view emerged at a time when it was thought that cached 
foods were relatively static. Indeed, this may be the case for 
many bird species such as chickadees and tits (Paridae). But 
many individual rodents, including members of different spe-
cies that scatter-hoard seeds in a similar way, engage in “cache 
exchanges,” in which the seeds that are eventually consumed are 
not necessarily those initially stored by that individual (Vander 
Wall and Jenkins 2003; Price and Mittler 2006). If future stud-
ies confirm these findings, new theories must be developed to 
account for the evolution and maintenance of scatter-hoarding 
behavior in rodents.

Interactions Between Humans and Other 
Mammals

Interactions between humans and other mammals generate sig-
nificant economic benefit. Many of the terrestrial-based protein 
sources in the human diet are from domesticated mammals. 
Hunting in the United States creates more than 700,000 jobs 
with a nationwide economic impact of about $61 billion/year, 
supporting nearly 1% of the entire civilian labor force across 
all sectors of the American economy (LaBarbera 2003). Over 
20 million hunters in the United States spend about half a bil-
lion days afield in pursuit of mammalian game, and fees levied 
to game hunters finance a vast acreage of conservation land 
in many countries where hunting is regulated (Warren 1997). 
Mammals also contribute to local and regional economies as 
natural predators that control agricultural pests (such as bats) 
and as bushmeat for subsistence hunters in many developing 
countries.
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The land-use revenue value of ecotourism with the primary 
focus on wild mammals is also significant in many countries. 
For example, jaguar-(Panthera onca) centric ecotourism in the 
world’s largest wetland (Brazilian Pantanal) was valued three 
times higher per unit area than the crude land-use revenue 
from cattle ranching, the only alternative economic activity 
in this region (Tortato et  al. 2017). Financial losses induced 
by African elephant and African forest elephant (Loxodonta 
cyclotis) poaching that would otherwise be accrued to African 
countries via ecotourism amount to ∼USD $25 million annu-
ally, and these lost benefits far exceed the required anti-poach-
ing costs to stop elephant declines across the continent (Naidoo 
et al. 2016). The colony of Mexican free-tailed bats living under 
the Congress St. bridge in Austin, Texas is a major ecotourism 
draw, generating over 3 million US dollars per year in revenue 
(Kunz et al. 2011).

Large mammals also can benefit humans by indirectly sup-
pressing the abundance of competent reservoirs of human 
pathogens, thereby suppressing the risk of infectious diseases 
(Civitello et al. 2015). A negative relationship exists between 
mammal diversity, or biomass, and disease prevalence (Civitello 
et  al. 2015), in which hosts in high-diversity systems have 
lower average competence for a particular pathogen or parasite, 
thereby reducing transmission and community-level prevalence 
for those causal agents. This is referred to as the dilution effect. 
As a consequence of this relationship, mammalian defaunation 
through human disturbance can systematically benefit some 
parasites and pathogens associated with human zoonoses hav-
ing important impacts on public health (Civitello et al. 2015; 
Young et  al. 2016). A  widely cited example of the dilution 
effect was reported by Ostfeld and Keesing (2000) regarding 
Lyme disease in the eastern United States. The numerically 
dominant white-footed mouse (Peromyscus leucopus) is also an 
effective host for the bacteria via the vector tick Ixodes scapu-
laris. White-footed mice are generalists that can tolerate dis-
turbance and become quite abundant with the decline of more 
specialist species of rodents. Many of these species have lower 
competence as reservoirs for the Lyme disease bacteria; higher 
diversity can therefore dilute the prevalence of infection in the 
vector. A similar situation has been observed in the transmis-
sion of hantavirus, where transmission is primarily host-to-host 
contact. In more diverse rodent communities, some species act 
as dead-end hosts. High species richness can therefore dilute 
the prevalence of the virus (Mills 2006).

Although the generality, magnitude, and mechanism of the 
dilution effect are still under investigation, systematic com-
pensatory increases in rodent abundance following competi-
tive release from declines of large mammalian herbivores can 
augment rodent-borne diseases (Young et  al. 2014). Hyper-
abundance of mammalian mesopredators following local 
extinctions of apex predators driven by habitat fragmentation 
can also artificially inflate populations of competent hosts (Levi 
et  al. 2016). In fact, increases in disease prevalence may be 
consistently associated with large mammal extirpations induc-
ing systematic losses in low-competence hosts, which may 
release competent hosts from competition (Joseph et al. 2013).

Conservation of Mammals and Their 
Functional Roles

Discussion of the functional role of mammals would not be 
complete without including humans. Homo sapiens is a “hyper-
keystone” species (Worm and Paine 2016), having transformed 
the land, water, atmosphere, and biodiversity of the planet 
(Barnosky et  al. 2012). We have been especially successful 
because of our ability to capture extra-metabolic energy, mostly 
from fossil fuels, that has supported the development of indus-
trial agriculture, roads, and cities, and culminating in a highly 
interconnected, global civilization supported by massive infra-
structure. Our impacts have been so profound that many scien-
tists argue that the Earth has entered a new geological epoch, 
the Anthropocene (Lacher and Pyare 2018).

Our pervasive impacts are altering the Earth’s biogeochemical 
cycles. Our use of fertilizers for agriculture has created oxygen-
depleted “dead zones” across freshwater and ocean ecosystems 
(Watson 2016). Our combustion of fossil fuels and burning of 
fields for agriculture are warming the planet and acidifying the 
world’s oceans, with increased CO

2 levels that have not been 
present since the early Pliocene (3.5–5 MA—Hoegh-Guldberg 
and Bruno 2010). Indeed, we have converted about 43% of the 
Earth’s land surface to near homogenous urban or agricultural 
landscapes, with much of the remaining landscapes dissected 
by roads (Barnosky et  al. 2012). Our activities are defauna-
ting the planet and driving the Earth’s sixth mass extinction 
(Dirzo et al. 2014; McCauley et al. 2015). As a super predator, 
we harvest terrestrial carnivores and top predators at median 
rates 4–10 times higher than do other species; and 11–15 times 
greater in marine than in terrestrial ecosystems (Darimont et al. 
2015). Because humans often target top predators and other 
keystone species, we are functionally reducing or eliminating 
the regulatory keystone roles these other species have on eco-
systems (Estes et al. 2011; Worm and Paine 2016).

About one-quarter of all mammals are now in danger of ex-
tinction, and more than half of all mammal populations are in 
decline (Schipper et al. 2008). Twenty-five of the world’s larg-
est mammalian herbivore species currently occupy an average 
of only 19% of their historical ranges (Ripple et al. 2015), and 
local extinctions of mammal populations are occurring at a 
much faster rate than the background extinction rate (Ceballos 
et al. 2017). In a recent analysis of 177 mammal species, all had 
lost at least 30% of their geographic ranges and > 40% of the 
species had experienced > 80% range shrinkage between 1900 
and 2015 (Ceballos et al. 2017). In many parts of the world, 
healthy populations of large mammals are entirely restricted to 
protected areas, and overhunting can severely depress mammal 
biomass, even in sparsely settled areas. A comparative analysis 
of 101 forest sites censused throughout the Amazon Basin and 
Guiana Shield revealed that the mean aggregate population bi-
omass of the 12 most harvest-sensitive species (most of which 
are mammals) was reduced almost 11-fold from 979.8  kg/
km2 in unhunted sites to only 89.2  kg/km2 in moderately to 
heavily hunted sites (Peres and Palacios 2007). Illicit poach-
ing and trafficking continue to thwart conservation efforts, and 
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overexploitation is the driving force of population depletion in 
301 of all 1,169 terrestrial mammal species listed as threatened 
from the 4,556 species assessed by the International Union for 
Conservation of Nature (IUCN—Ripple et al. 2016). This goes 
far beyond iconic mammals, such as tigers (Panthera tigris), 
elephants, and rhinoceroses, and includes many lesser-known 
species (e.g., pangolins, large primates) facing intense pres-
sures for survival. Mammals also dominate global illegal wild-
life trade, with elephant ivory and rhinoceros horn representing 
over 50% of all wildlife seizures in 2013 (SDG 2017). As a 
consequence, mammal-defaunated seascapes and landscapes 
no longer exercise their full ecological, biogeochemical, or 
structural potential.

The IUCN Red List of Threatened Species is the global stan-
dard for the assessment of threatened species, used to guide con-
servation priorities. Although habitat loss and overexploitation 
remain the greatest threats, climate change is a rapidly emerging 
threat. The IUCN recently released a new document so that species 
vulnerability to climate change can be assessed more effectively 
(Foden and Young 2016). In addition to assessments of extinction 
risk, many IUCN specialist groups are defining both priority spe-
cies and regions based upon analyses of the revised data (e.g., see 
Lacher et al. 2017). A more complete picture of global mammal 
conservation priorities will be available with the reassessment 
of all mammals in 2018, providing needed guidance on current 
mammalian research needs and conservation investment.

The priorities developed by IUCN Species Survival 
Commission Specialist Groups need to be developed into 
action plans that can be used by the Convention on Biological 
Diversity (CBD) member states for the development of National 
Biodiversity Strategies and Action Plans (NBSAPs; www.cbd.
int/nbsap/). The 196 United Nations (UN) member states and 
the European Union (the only UN member not to ratify the 
CBD is the United States) must develop NBSAPs to guarantee 
that the various agencies responsible for aspects of conserva-
tion mitigate impacts on biodiversity. To date, many NBSAPs 
have been developed using disaggregated global data sets that 
often align poorly with nationally derived data sets (Han et al. 
2017). In order for national conservation plans for mammals to 
be implemented, countries need to generate more national-level 
data specific to their conservation goals, and funding needs to 
be provided to facilitate the collection of these data. Research 
priorities at the national level should include the conservation 
of mammals known to have important ecological impacts.

The most critical immediate actions required to conserve 
ecosystem functions that are mediated by mammals are to 
mitigate habitat loss and overexploitation, and address the 
impending threats of climate change. As human populations 
and consumption grow in tandem, less and less land remains 
to conserve biodiversity (Aukema et al. 2017). What protected 
areas exist will be under growing pressure to be converted to 
working landscapes (e.g., see www.padddtracker.org), pro-
viding growing challenges to efforts to conserve large-scale 
ecosystem processes and associated services. Declining pop-
ulations of large mammals (Ripple et al. 2015; Estrada et al. 
2017), increasing fragmentation with threshold levels of losses 

in specialist species and collapsing communities (Pardini 
et al. 2010), and the threat of rapid climate change (Heller and 
Zavaleta 2009) necessitate urgent social, political, and scien-
tific action. Additionally, we may be moving toward a world of 
novel community assemblages, presenting new challenges in 
monitoring and protecting community processes (Williams and 
Jackson 2007). The barriers for research funding and collabora-
tion that exist between academic institutions and conservation 
nongovernmental organizations (NGOs) need to be dissolved. 
Academics must take a more active role in translating their re-
search results to conservation action and NGO researchers need 
to seek engagement with universities that have the facilities and 
laboratories to generate ecological and genetic information 
that is critically needed for conservation, but that is beyond the 
scope of NGO science programs (Lacher et al. 2012).

The work of other IUCN Commissions, like the World 
Commission on Protected Areas (WCPA), develops innova-
tive approaches to the protection of ecosystems beyond tradi-
tional fortress conservation approaches. The collaboration of 
the WCPA with the Commission on Ecosystem Management 
on the Red List of Ecosystems is an excellent example (Keith 
et al. 2013). This initiative will prioritize conservation efforts 
on those systems deemed most at threat based upon a set of 
quantitative criteria, much like the Red List. New ways to 
view protected areas, like the development of Key Biodiversity 
Areas based on the model of Important Bird Areas of BirdLife 
International (Eken et al. 2004; IUCN 2016), the Alliance for 
Zero Extinction initiative (http://www.zeroextinction.org/), the 
EDGE of Existence Programme (https://www.edgeofexistence.
org/), and community-based conservation that more effectively 
shares conservation benefits (Berkes 2007), have gained sig-
nificant traction in the conservation world. The emphasis of 
the service value of ecosystem processes has encouraged more 
joint management of protected areas with a diverse group of 
stakeholders with the expectation of more effective manage-
ment of these areas. We need to have the continued develop-
ment of these and other novel approaches to effectively protect 
critical ecological processes.

The development of a number of policy mechanisms linked 
to international conventions requires science-based deci-
sion-making to meet the targets of these conventions. Linking 
these efforts to sustainable development and more recently ec-
osystem services has shifted some of the conservation effort 
to human–environment linkages and benefits. The IPBES was 
established to provide science-based information on the rela-
tionship between biodiversity and ecosystem services of value 
to society (Diaz et al. 2015). IPBES currently draws upon the 
expertise of over 1,000 scientists worldwide. Much like the 
concerns in applying global data to NBSAPs, similar concerns 
exist for IPBES, where the scale of data sets needs to match 
regional and national conservation actions. There are many 
opportunities during the IPBES consultation process for input 
on data needs and necessary additional research (www.ipbes.
net). There are great opportunities for mammalogists to raise 
the profile of the functional roles of mammals relevant to eco-
system process and associated services. There has never been a 
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more opportune time to provide science-based information on 
the critical role of mammals in ecosystem processes, functions, 
and services to landscapes and human societies.

Understanding of the functional role of mammals in ecosys-
tems has advanced far beyond the musings of Lee R.  Dice in 
1919. We understand ecosystem functioning from both an empiri-
cal and theoretical perspective, and have clarified the benefits and 
services that ecosystems provide to human well-being through 
the application of science to the actions of numerous international 
agencies and conventions. Yet, we face the threat of the collapse of 
marine, freshwater, and terrestrial processes due to severe human-
driven degradation. Our prior 100 years of research on mammals 
has provided the basis to begin to address these threats, and this 
will be our 100-year challenge for the future.
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