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E C O L O G Y

Functional diversity of marine megafauna 
in the Anthropocene
C. Pimiento1,2*, F. Leprieur3,4, D. Silvestro5,6†, J. S. Lefcheck7, C. Albouy8, D. B. Rasher9, 
M. Davis10,11, J.-C. Svenning10, J. N. Griffin1

Marine megafauna, the largest animals in the oceans, serve key roles in ecosystem functioning. Yet, one-third of 
these animals are at risk of extinction. To better understand the potential consequences of megafaunal loss, here 
we quantify their current functional diversity, predict future changes under different extinction scenarios, and 
introduce a new metric [functionally unique, specialized and endangered (FUSE)] that identifies threatened spe-
cies of particular importance for functional diversity. Simulated extinction scenarios forecast marked declines in 
functional richness if current trajectories are maintained during the next century (11% globally; up to 24% region-
ally), with more marked reductions (48% globally; up to 70% at the poles) beyond random expectations if all 
threatened species eventually go extinct. Among the megafaunal groups, sharks will incur a disproportionate loss 
of functional richness. We identify top FUSE species and suggest a renewed focus on these species to preserve the 
ecosystem functions provided by marine megafauna.

INTRODUCTION
Marine megafauna comprise all large-bodied organisms (body mass, 
≥45 kg) inhabiting the coastal and open oceans, including bony fishes, 
elasmobranchs (sharks and rays), mammals (whales, seals, sea cows, 
and the polar bear), reptiles (sea turtles), a species of sea bird (i.e., the 
emperor penguin), and a few species of mollusks (clams, squids, and 
octopuses) (1). Megafauna affect ocean ecosystems by (i) consuming 
large amounts of biomass; (ii) transporting nutrients within and be-
tween habitats via excretion; (iii) connecting ocean ecosystems via 
long-distance migration; and (iv) physically modifying habitats by 
way of their feeding, locomotion, and mortality (2, 3). Moreover, ma-
rine megafauna include many charismatic species that are socially, 
economically, and culturally important (1). Despite their immense 
ecological and societal value, marine megafauna are currently threat-
ened by human exploitation, habitat loss, pollution, and ocean warm-
ing, which together have triggered population declines and local 
extinctions of many species over just the past century (1, 4–7).

Scientists have long focused on species diversity as a barometer 
for ecosystem integrity and the success of conservation initiatives. 
However, the ecology of a species is not necessarily governed by its 
nomenclature, but instead by its functional traits (8). Traits such as 
body size, feeding behavior/diet, and mobility broadly determine 
what, how, and where resources are acquired, consumed, and trans-

ported. In turn, the diversity of traits (functional diversity) in a com-
munity dictates the ability of communities to fill diverse niches, as-
similate energy, and transfer it within and across ecosystems, and 
enhance and stabilize ecosystem processes (8–11). Furthermore, func-
tional traits differentiate species in terms of how ecologically redun-
dant or unique they are irrespective of taxonomic affiliation (12). 
Hence, measuring functional diversity allows us to generalize the 
functional contributions of species to ecosystems and contemplate 
the potential ecological consequences of their extinction.

While terrestrial megafauna suffered widespread anthropogenic 
extinctions in the prehistoric Late Quaternary (13), most marine 
megafauna survived into historical times (14, 15). Yet, in the past 
few centuries, the industrialization of whaling and fishing led to 
functional extinctions [i.e., extreme population declines (6, 16, 17), 
local (18) and commercial extinctions (16, 19)], as well as the global 
extinction of a few species (1). Notwithstanding recovery of several 
populations following harvest moratoria, overexploitation remains 
a leading threat to marine megafauna (and indeed many smaller 
marine taxa). Today, one-third of marine megafaunal species eval-
uated by the International Union for Conservation of Nature (IUCN) 
are deemed at risk of extinction based on their rarity, rate of popu-
lation decline, population size, area of geographic distribution, and 
degree of population fragmentation (20). How the extinction of these 
species could affect the functional diversity of marine megafauna—
and their potential to maintain global ecological processes—has yet 
to be evaluated.

In theory, megafaunal functional diversity might be resilient to 
some degree of extinction if remaining species have similar traits 
(or trait combinations). However, even then, extinctions would re-
duce the availability of these more similar, relatively “redundant” 
species increasing ecosystem vulnerability to further losses (12, 21–24). 
The study of past extinction events indicates that marine megafaunal 
functional diversity is highly sensitive to extinctions at the global 
scale (25). Moreover, regions with lower species richness, such as 
those near the poles, could prove particularly vulnerable to species 
losses (26) and consequent changes to ecosystem processes (11). 
Given the accelerated rate of extinctions in today’s oceans (6, 27), 
documenting regional and global patterns of functional redundancy 
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among the marine megafauna is therefore a crucial step toward pre-
dicting the potential impacts of future extinctions on ocean ecosys-
tems and prioritizing species of particular conservation concern.

Here, we combine the functional traits and extinction risk status 
of each megafaunal species in the ocean to predict the potential func-
tional consequences associated with their extinction and to identify 
threatened species that contribute disproportionally to functional 
diversity. To do so, we first compile a species-level trait dataset for 
all known extant marine megafauna (n = 334 species) to characterize 
the current structure of their functional space. Then, we simulate fu-
ture extinction scenarios and quantify the impact of potential species 
losses on megafaunal functional diversity at global and regional scales. 
Last, we introduce a new index to inform conservation priorities. Our 
results reveal a diverse range of functional traits exhibited by the global 
marine megafauna, as well as how the current extinction crisis might 
affect the functional diversity—with all its associated benefits, both 
ecological and societal—of this iconic group of animals.

RESULTS AND DISCUSSION
Contemporary patterns of functional diversity
For our analysis, we selected 10 traits that characterize marine megafaunal 
functional diversity (table S1). We repeated all of our analyses using a 
subset of traits (herein referred to as “marine-only” traits) to assess 
how extinctions threaten strictly marine-based ecosystem processes 
(see Materials and Methods). There is great variation in traits among 

extant megafauna, providing evidence for their diverse range of niches 
(fig. S1A). A principal coordinates analysis (PCoA) revealed that the 
global marine megafauna can be represented within a reduced six- 
dimensional trait space (representing 71% of the total inertia; table S2). 
The first axis of the trait space is strongly related to terrestriality 
(i.e., the ability to move between marine and terrestrial or riverine 
realms) and vertical position in the water column (table S2). The 
mostly fresh water and benthic Julien’s golden carp scored the lowest 
value along the first axis, and the fully marine and pelagic pygmy 
right whale scored the highest (Fig. 1A). The second axis of the trait 
space revealed a strong compartmentalization, with mammals oc-
cupying an area separate from that of fishes and sharks. This axis is 
mostly related to breeding site and thermoregulation (table S2), two 
traits that separate endothermic mammals, many of which breed on 
sea ice (e.g., crabeater seal, the lowest value; Fig. 1A), from ectothermic 
species that breed in coastal environments (e.g., whale shark, the highest 
value; Fig. 1A). Last, the third axis of the trait space is mostly related 
to feeding mode (table S2). Accordingly, the filter-feeding fin whale 
occupies the highest end of this axis, whereas the active predatory 
butterfly kingfish occupies the lowest end (Fig. 1A). The remaining three 
axes of the functional space are weakly associated with individual spe-
cies traits (table S2) and together represented 21% of the total inertia.

Marine mammals span the largest extent of global trait space (25% 
of the total volume occupied; Fig. 1B) despite the fact that bony fishes 
have the highest species richness (Fig. 1C). The broader spread of 
mammalian species in trait space reflects their diverse adaptations 
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Fig. 1. Composition of marine megafauna in the Anthropocene. (A) Structure of a three-dimensional functional space for the global megafauna. The percentages in 
the squares denote total inertia represented in the pair of axes of each plot, where PCoA1 independently represents 25%; PCoA2, 16%; and PCoA3, 9%. Colors denote 
taxonomic class, as provided by animal shapes: yellow, Actinopterygii (bony fish); brown, Aves (sea birds); purple, Bivalvia (giant clam); dark blue, Cephalopoda (squids and 
octopus); light blue, Elasmobranchii (sharks and rays); red, Mammalia (whales, seals, sea cows, and polar bear); green, Reptilia (sea turtles); gray, Sarcopterygii (coelacanth). 
(B) Proportional taxonomic richness of main taxonomic classes: bony fishes (yellow), sharks and rays (blue) and mammals (red), and all other groups (black). (C and 
D) Percentage of the space volume occupied using six dimensions, which altogether represent 71% of the total inertia. (C) Volume occupied by the main taxonomic 
classes and (D) by the different oceanic regions (ordered by volume). All plots show mean values across 1000 imputations. Error bars are not shown in bar plots as they 
are negligible (from 0.003 to 0.01).
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and ecological habits, including exploitation of the terrestrial realm, a 
trait also shared with the less speciose sea turtles. The higher contri-
bution of mammals to the trait space is maintained using marine-only 
traits (mammals: 8%; fish: 7%; sharks: 4%). Endothermy may explain 
the capacity of marine mammals to exploit a broader range of habitats 
than ectothermic megafauna (e.g., most fish, invertebrates, most sharks, 
and sea turtles) (28), including the poles. Marine mammals are the 
only group to occupy all oceanic regions (fig. S1). Notably, of all re-
gions, the North Pacific and Indian oceans host the most taxonomic 
groups of marine megafauna and the highest overall taxonomic di-
versity (fig. S1). Consequently, taxa from these regions span the largest 
extent of the trait space (54% each; Fig. 1D).

Forecasted changes in functional diversity following 
potential species loss
To understand the future of marine megafaunal functional diversity, 
we use a scenario-based approach (29) at global and regional scales. 
The first scenario (herein referred to as “IUCN 100”) is based on the 
estimated probability of extinction for each species within 100 years 
given their current IUCN status (30–32). The second scenario (herein 
referred to as “IUCN AT”) assumes the extinction of all threatened 
(IUCN status: vulnerable, endangered, and critically engendered) 
species (27, 30). While IUCN 100 is a realistic proxy of species ex-
tinctions, IUCN AT uses the threatened status as a broad indicator 
of species’ risk under human pressures and serves to illustrate the 
collective contribution of threatened species to functional diversity 
(33). For each scenario (n = 1000 iterations; see Materials and Meth-
ods), we quantified functional richness (FRic), expressed as the total 
volume of the trait space occupied (21), and functional uniqueness 
(FUn), expressed as the overall isolation of a species within the total 
trait space, which is an indicator of functional redundancy (22).

Under the IUCN 100 scenario, on average, 18% of species are 
predicted to go extinct within the next 100 years (Fig. 2A), which, in 
turn, would reduce FRic, on average, by 11% (or by 15% using marine- 
only traits; Fig. 2B). Such contractions of functional space indicate 
a marked decline in the variety of ecological functions we will observe 
in ocean ecosystems. Furthermore, as species go extinct, leaving the 
remaining species more isolated in trait space, FUn would increase 

(i.e., functional redundancy will decline), on average, by 9% over 
the same time period (Fig. 2C). This loss of species occupying similar 
functional niches could destabilize ecological processes (23) and leave 
ecosystems more vulnerable to further species loss as pressures con-
tinue to mount over the next century (21). These functional diversi-
ty changes reflect the general sensitivity of FRic and—to a lesser 
degree—FUn to species loss (fig. S2A).

The vulnerability of global functional diversity is more markedly 
illustrated under the IUCN AT scenario. The loss of 40% of all ex-
tant species (Fig. 2A) would cause FRic to contract by 48% (or by 
62% when using marine-only traits; Fig. 2B). This loss is 15% greater 
than expected under random extinction scenarios (Fig. 2B). The loss 
of FRic is due not only to limited overall functional redundancy but 
also to the tendency of those species that are going extinct to be more 
functionally unique (i.e., to lack close neighbors; fig. S2B) under this 
scenario. Concomitantly, FUn would increase by 16% (Fig. 2C), which 
is 9% less than expected by chance, indicating that, while overall 
functional redundancy declines, the extinction of species is not ran-
dom and particular combinations of traits are selectively lost. Under 
the IUCN AT scenario, the loss of FRic is greater than the loss of 
species richness (Fig. 2, A and B) and exceeds observations from 
marine megafaunal extinction events in the geological past (25). While 
this scenario represents an extreme, it serves to warn that currently 
threatened species account for a substantial and larger-than-expected 
portion of functional diversity. Many of these species already have 
severely depleted population sizes and distributions. The global ex-
tinction of these species would permanently remove almost half of 
megafaunal FRic from the world’s oceans.

Across both global extinction scenarios, sharks are expected to 
suffer the largest changes relative to bony fishes and mammals (Fig. 3). 
It has been shown that sharks are the most threatened marine verte-
brate group in the world (7). Under the IUCN 100 scenario, both 
bony fish and sharks lose, on average, 19% of their species diversity 
(Fig. 3A), which results in a 15% FRic loss for bony fish and a 44% 
FRic loss for sharks. The loss of the functional space occupied by 
sharks under this scenario is 18% higher than expected by chance 
(Fig. 3B), suggesting that extinction projections for the next century 
selectively affect shark species holding extreme trait combinations. 

A B C

Fig. 2. Forecasted changes in global diversity across extinction scenarios: IUCN 100 and IUCN AT. (A) Proportional changes in species richness. (B) Proportional 
changes in FRic (% volume of functional space). (C) Proportional changes in FUn (mean distance to five nearest neighbors). Boxplots show values across 1000 imputations. 
Violin plots show values obtained by randomized species loss. P values for all pairwise comparisons [empirical data (boxplots) versus randomized data (violin plots)] are 
<0.05;  = 0.05.
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Fig. 3. Global diversity changes in main taxonomic groups. (A) Proportional changes in species richness. (B) Proportional changes in FRic (% volume of functional 
space). (C) Proportional changes in FUn (mean distance to five nearest neighbors). Boxplots show values across 1000 imputations. Violin plots show values obtained by 
randomized species loss. P values for all pairwise comparisons [empirical data (boxplots) versus randomized data (violin plots) and between groups (among boxplots)] 
are <0.05;  = 0.05. Colors denote taxonomic class, as provided by animal shapes: yellow, Actinopterygii (bony fish); red, Mammalia (whales, seals, sea cows, and polar 
bear); blue, Elasmobranchii (sharks and rays).
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FUn increases by 11% for bony fish and only by 2% for sharks 
(Fig. 3C), indicating that despite losing less overall functional vol-
ume, bony fish species become more isolated inside the trait space 
compared with shark species. Under the IUCN AT scenario, 62% of 
all shark species are predicted to go extinct (Fig. 3A), which would 
approach levels of a mass extinction (27). Such loss of taxonomic 
diversity would result in an 87% contraction of shark functional trait 
space (Fig. 3B) and a 35% increase in FUn (Fig. 3C). These functional 
changes are 30 and 11% greater (respectively) than expected from 
random species loss, indicating a highly disproportionate loss of 
sharks’ FRic and redundancy and signifying even worse-than-expected 
consequences for marine food webs (34).

Regional—or ocean basin—scale forecasts of proportional species 
loss under the IUCN 100 scenario are generally smaller than those at 
the global level (maximum = 17% in North Pacific; Fig. 4A), as most 
regional assemblages are restricted subsets of the larger global species 
pool. However, the resulting changes in FRic at the regional scale are 
larger than those at the global scale, between 12% in the North Atlantic 
and 24% in the South Pacific (Fig. 4B). As at the global level, the re-
maining species within each region generally become more function-
ally isolated—particularly in the polar oceans (up to 16% increase in 
FUn in the Southern Ocean; Fig. 4C). Under the IUCN AT scenario, 
FRic losses would range between 49% (Southern Ocean) and 70% 
(Arctic Ocean), surpassing the level of taxonomic loss in all oceans 
(Fig. 4, A and B). These FRic losses exceed the global estimate and are 
larger than expected from random species loss (except in the Southern 
Ocean; Fig. 4B). Furthermore, under the IUCN AT scenario, species 
become more functionally isolated (i.e., redundancies are lost), as FUn 
increases between 9% (South Atlantic) and 33% (Southern Ocean; 
Fig. 3). Therefore, FRic appears even more sensitive to species loss at 
the regional level than that at the global scale, probably because of 
lower initial species richness at these smaller scales affording less po-
tential for functional redundancy, evolutionary selection for adapted 
traits in extreme environments (e.g., the poles), and potentially re-
stricted dispersal among regions due to physiological intolerances (23).

These regional patterns may have serious implications for eco-
system functioning, given that ocean basins are likely the spatial scale 
at which many megafauna exert their effects on ecosystems. The gen-
eral relationships between species loss and FRic are more linear at 
the regional scale than those at the global scale (fig. S2C). The fore-
casted increases in FUn in the polar oceans—particularly under the 
IUCN AT extinction scenario—also show that functional redundan-
cies can be rapidly lost in lower-diversity regions, as has been shown 
for other assemblages (fig. S1) (11). Thus, extinctions at the regional 
scale push assemblages closer to the exponential phase of the spe-
cies loss–FUn relationship (fig. S3). Future studies might wish to 
consider whether these results are consistent at smaller scales when 
considering local extinctions (24) and how functional diversity is 
altered by range shifts under climate change (35).

The ecosystem consequences of extinction are determined not 
only by the loss of functional diversity but also by declines in particular 
trait modalities (36). Unexpectedly, contrary to previous studies on 
marine vertebrates [e.g., (37)], neither scenario showed extinction 
selectivity with respect to body size among these—by definition—
large marine megafauna, except within a single class: bony fishes 
[fig. S4, A and J; see also (38)]. Most other traits showed clear differ-
ences in extinction probabilities across modalities (fig. S4). For in-
stance, over the next 100 years, species occupying benthic habitats 
in the coastal shelf zone and those undertaking movements between 

marine and terrestrial realms are particularly vulnerable to extinction 
(fig. S4, B to F). Under the IUCN AT extinction scenario, ectothermic, 
nonsocial species and those with specialized diets (i.e., higher-vertebrates 
and vascular plant feeders; fig. S4, G to I) are also highly vulnerable. 
Associations between traits and extinction risk arose independently: 
Functional traits were used to capture the ecological roles of mega-
fauna (table S1), whereas distinct population-level criteria were used 
to assign species’ extinction risk [IUCN status; (20)]. The extinction 
of realm-crossing megafauna would weaken nutrient transfer, com-
promising ecosystem diversity, productivity, and stability (39). Fur-
thermore, losses of apex predators and megaherbivores can trigger 
ecological cascades down- and upward through marine food webs 
(5). For example, within sharks, the group displaying the highest 
loss of FRic across extinction scenarios, the highly migratory great 
white shark and whale shark, are predicted to be lost, along with 
their impacts as apex predator and giant filter feeder, respectively. 
Accordingly, extinctions will not only threaten the FRic and redun-
dancy of megafauna—they will also selectively affect trait modalities 
that strongly influence ecosystem structure and function. Regional- 
scale extinctions of megafauna have already been found to influence 
ocean ecosystems. For example, the functional extinction of the sea 
otter (Enhydra lutris) in Southwest Alaska triggered a trophic cas-
cade within nearshore kelp forests, resulting in habitat collapse and 
the decline of myriad ecosystem processes (5). Likewise, functional 
extinction of the bumphead parrotfish (Bolbometopon muricatum) 
on Indo-Pacific coral reefs has compromised a key process in the 
region [i.e., reef bioerosion and sediment transport; (40)]. In both 
cases, functions carried out by these megafauna were not subsumed 
by smaller-bodied taxa.

Recent syntheses emphasize that current and projected global 
species extinction rates in the Anthropocene are at least as great as 
those of previous mass extinctions (27, 41). Yet, biodiversity is multi-
dimensional, and embracing the functional dimension—as done 
here—can elucidate the potential ecosystem consequences of species 
extinctions (21, 25). As emphasized by our results, species loss can 
drive steep and unanticipated declines in functional diversity, depend-
ing on both the underlying functional structure of the community 
(e.g., degree of redundancy) and the pattern of extinction. Connect-
ing actual and potential species extinctions with functional diversity 
develops a more complete picture of Earth’s changing biodiversity 
in the Anthropocene.

Contribution of species to functional diversity 
and conservation priorities
The above-described extinction scenarios underline the vulnerability 
of marine megafaunal functional diversity across the globe and es-
pecially within each ocean basin. We next investigated the contri-
bution of individual species to overall functional diversity to assess 
which species losses would most rapidly erode the integrity of func-
tional space. We did so by quantifying species’ FUn and functional 
specialization (FSp; i.e., distance of each individual species from the 
centroid of the global trait space; (21)). It is worth noting that these 
metrics were quantified treating all traits equally and therefore do 
not reflect the functional relevance of individual traits (e.g., those 
related with trophic level).

Species-level FUn and specialization vary among taxonomic groups, 
with reptiles and mammals having higher FUn and specialization, 
respectively (fig. S5). Despite the large contributions of marine 
mammal and sea turtle species to global functional diversity, an array 
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Fig. 4. Regional diversity changes. (A) Proportional changes in species richness. (B) Proportional changes in FRic (% volume of functional space). (C) Proportional changes 
in FUn (mean distance to five nearest neighbors). Boxplots show values across 1000 imputations. Violin plots show values obtained by randomized species loss. P values 
for all pairwise comparisons [empirical data (boxplots) versus randomized data (violin plots)] are <0.05;  = 0.05. Colors denote ocean as shown in map in the upper 
right corner.
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of taxonomic groups was among the most important contributors. 
The dugong, green sea turtle, and giant clam are the three most func-
tionally unique (Fig. 5A), while the crabeater seal, Antarctic fur seal, 
and Julien’s golden carp are the most functionally specialized (Fig. 5B). 
The uniqueness of the dugong and green sea turtle likely derives 
from the rarity of benthic herbivores among the marine megafauna 
(42). Furthermore, the uniqueness of the giant clam probably stems 
from its planktonic diet and sessile benthic lifestyle (most plankton- 
feeding megafauna reside in the pelagic zone) (43). The FSp of the 
crabeater and Antarctic fur seals may relate to their krill-dominated 
diet via filter feeding (44) and of Julien’s golden carp to their omniv-
orous diet. The use of marine-only traits reveals that the Chilean devil 
and giant oceanic manta rays (fig. S6) are the most functionally 
unique and specialized species (respectively) in strictly marine envi-
ronments. Unlike other species, which are mostly coastal, these spe-
cies mainly use offshore and continental slope habitats.

To integrate species FUn and specialization in the assessment of 
marine megafauna conservation priorities, we combined FUn and FSp 
with IUCN extinction threat status in a new index: FUSE (functionally 
unique, specialized and endangered). Although high-scoring FUSE 
species are threatened by extinction, the top FUSE species are not 
necessarily at the highest level of risk (Fig. 5C) as the index inte-
grates both the vulnerability of a species and the overall distinctiveness 
of its functional contribution. The green sea turtle, Julien’s golden 
carp, dugong, sea otter, and giant clam have the five highest FUSE 
scores (Fig. 5C). When only marine traits are considered, the Chilean 
devil ray, the coelacanth, and the whale shark have the highest FUSE 
values (fig. S6). As expected, high FUSE scores are associated with 
traits found to be linked with IUCN status, e.g., body size, reflecting 
size-biased overharvesting (37), and nonmigration, possibly reflecting 
the inherent vulnerability of populations with small home ranges 
such as the sea otter (table S3 and fig. S7, A and B) (45). However, 
FUSE scores are also related to additional traits, most clearly move-

ment from the sea to land (table S3 and fig. S7C) and, when considering 
marine traits only, a diet based on high vertebrates, fish, or seagrass 
(table S3 and fig. S7D). Species that move from marine to terrestrial 
systems (e.g., sea turtles) or that consume seagrass (e.g., dugong) face 
not only high levels of human exploitation but also loss or modifi-
cation of coastal habitats by human development, pollution, and 
climate change (13). Moreover, species feeding high in the food web 
compete for prey increasingly depleted by fishing and bycatch (7). 
Therefore, while direct overharvesting is often cited as the major 
driver of marine megafauna depletion (6, 46), preserving FUSE 
species will require conservation initiatives that embrace a broader 
range of drivers.

The new index (FUSE) that we propose is inspired by previous 
phylogeny-based metrics used in the EDGE (evolutionarily distinct 
and globally endangered) program, which identifies threatened species 
representing unique evolutionary histories (47). The two approaches 
are complementary, with EDGE aiming to capture a species’ contri-
bution to the broad diversity of evolutionarily conserved features and 
FUSE more directly capturing species’ contributions to functional 
diversity and potentially ecosystem functioning. Because high-scoring 
EDGE or FUSE species are, by definition, threatened with extinction, 
many have depleted populations, which may limit their current eco-
logical impacts. Conservation actions that allow high-scoring FUSE 
species to not only avoid extinction but also undergo population re-
coveries would restore their unique and specialized functional roles 
in future oceans. FUSE is a flexible metric, as it that can be applied 
across different taxa and scales according to particular conservation 
and management challenges.

CONCLUSIONS
Functional trait analyses have long been used to gauge the conse-
quences of species loss for ecosystem functioning, because traits 

A B C

Fig. 5. Species contribution to functional diversity and their current conservation status. Bars represent mean values for each species across all imputations. (A) FUn. Top 
species: Dugong (Dugong dugong), green sea turtle (Chelonia mydas) and giant clam (Tridacna gigas). (B) FSp. Top species: Crabeater seal (Lobodon carcinophaga), Antarctic 
fur seal (Arctocephalus gazelle), and Julien’s golden carp (Probarbus jullieni). (C) FUSE scores. Top species: Green sea turtle, Julien’s golden carp, dugong, sea otter (E. lutris), 
and giant clam. Bar colors represent species’ original, nonimputed IUCN status (see Materials and Methods).
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better define how organisms interact with their environment and each 
other than do simple taxonomic measures (48). This trait-based ap-
proach may be especially relevant for marine megafauna, which, be-
cause of their size and mobility, are difficult to study using traditional 
experimental approaches (1, 49). Current global marine megafaunal 
functional diversity is highly influenced by traits associated with 
cross-realm movements. Consequently, marine mammals—which 
distinctively exploit the terrestrial realm and occur in all oceanic 
regions—disproportionately contribute to overall megafaunal func-
tional diversity and include the most functionally unique and spe-
cialized species.

Our analyses forecast a marked loss of marine megafauna taxo-
nomic and functional diversity over the next century. Among the 
different groups, sharks are predicted to be the most affected, with 
losses of FRic far beyond those expected under random extinctions. 
Among all megafaunal groups, under a scenario in which all cur-
rently threatened species go extinct, almost half of the global FRic 
(and 70% in the Arctic) would be lost. Again, these forecasted con-
tractions of trait space do not merely reflect the expected decline in 
functional diversity following species loss but rather are compounded 
by a disproportionate extinction of functionally unique species. Ac-
cordingly, we might expect a worse-than-expected loss of ecological 
processes associated with these extinctions (1). Such ecological changes 
are likely to precede global extinction, instead occurring when a species 
falls to low abundance. Therefore, the disproportionate volume of 
functional space held by threatened species may already be largely 
compromised across much of the global oceans. Fortunately, given 
that only a few species of marine megafauna have been driven to 
complete extinction (6), rapid efforts to curb overharvesting, climate 
change, and associated degradation of coastal habitats have the po-
tential to resurrect the diverse functional roles and beneficial effects 
of many marine megafauna.

On the basis of our findings, we recommend that resource man-
agers and conservation practitioners consider not only the popula-
tion trends of marine megafauna but also their importance for the 
maintenance of global functional diversity, as provided by their FUSE 
scores. This new index is associated with traits beyond those deter-
mining species’ current IUCN status and is therefore useful in iden-
tifying traits and species of special concern. As demonstrated in our 
analysis of trait drivers of FUSE, conservation efforts to preserve 
marine megafaunal functional diversity need to consider threats to 
species’ ability to move across ecosystems. The new FUSE index can 
be applied to diverse taxonomic groups in both terrestrial and marine 
ecosystems, as the functional roles of species are now being more 
recognized as pivotal in spatial conservation planning (50).

MATERIALS AND METHODS
All analyses were performed in the R environment (51).

Trait dataset
We gathered a list of 334 marine megafauna species (Supplementa-
ry Materials; table S1), as defined (maximum reported size, ≥45 kg) 
and provided by Estes et al. (1). A dozen of these species use the 
marine environment marginally (i.e., brackish waters). We assigned 
10 functional traits to each species. These traits were selected to cap-
ture the ecological roles of megafaunal species in marine systems 
(table S1). Trait scores were assigned based mainly on the species 
information provided by FishBase (www.fishbase.org/) and IUCN 

Red List of Threatened Species (www.iucnredlist.org/), as well as on 
primary literature (Supplementary Materials). In addition to traits, 
IUCN Red List status was gathered from Estes et al. (1) and updated 
(51 cases) using the IUCN website (last accessed April 2019). All 51 
statuses updated progressed to a higher-risk category (e.g., the whale 
shark, from vulnerable to endangered). On the basis of country-based 
distribution information provided by FishBase and IUCN, we assigned 
species to the following oceanic regions: North Pacific, South Pacific, 
North Atlantic, South Atlantic, Indian, Southern, and Arctic.

Multiple imputations
There were 51 species missing one or more trait scores (Supplementary 
Materials). We inferred missing scores by performing multiple 
imputations in which we resampled missing scores value based on 
the empirical frequency of the trait combinations in each taxonomic 
order. For example, for a species that lacked trait A but had trait B = 1, 
we resampled A on the basis of the empirical frequencies of A scores 
associated with B = 1, where species A and B belong to the same 
order. This procedure has the benefit of avoiding “impossible” trait 
combinations, assuming that all possible trait combinations are 
observed in the set of species. Concurrently, we inferred the IUCN 
status of the species that were not evaluated (NE) or data deficient 
(DD) (24 and 48, respectively) by resampling each missing status 
based on the empirical distribution of the other IUCN status in each 
order. We ran multiple imputations for traits and IUCN status 
simultaneously, 1000 times.

Extinction scenarios
Parallel to the multiple imputations, we simulated two extinction 
scenarios. The first scenario (IUCN 100) was based on the probability 
of extinction of IUCN categories as in (30–32, 52, 53). We followed 
Davis et al. (31), who converted categorical IUCN ranks into esti-
mates of extinction probability given 100 years of status quo conser-
vation, assuming for simplicity that species populations followed 
exponential decay. These extinction probabilities are likely conser-
vative as they predict fewer species going extinct than actual status 
changes would suggest (54). Thus, under IUCN 100, the status of spe-
cies (extinct or extant) was assigned on the basis of the extinction 
probability of the respective IUCN category. For example, because 
VU (IUCN status = Vulnerable) species are estimated to have at least 
10% probability of going extinct in the next 100 years (30, 32, 52), in 
our 1000 iterations (see above), we randomly assigned, on average, 
10% of VU species as extinct. The second scenario (IUCN AT) 
assumes the extinction of all currently threatened species (27) with 
the objective of illustrating their collective contribution functional 
diversity (33). Therefore, under IUCN AT, we assigned all threatened 
species as extinct in all iterations. It is worth noting that even though 
there is no variation in the status of species (extinct or extant) under 
IUCN AT, there is a range of species loss produced by the NE and 
DD imputations (see above). All the following analyses are based on 
the iterations from multiple imputations and extinction scenarios, 
which were run simulta neously (total: 1000).

Generalized linear models
We used a binomial generalized linear models (GLM) to explore how 
species extinction probabilities (averaged over all iterations) are asso-
ciated with their traits. A linear mixed model (LMM), considering 
taxonomic order as a random effect, was also used to evaluate how 
species’ traits are associated with their IUCN status [modeled as a 
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continuous variable: LC (Least Concern) = 0; NT (Near Threatened) = 
1; VU (Vulnerable) =2; EN (Endangered) = 3; and CR (Critically 
Endangered) = 4].

Functional diversity analyses
For each iteration (see above), we calculated the FRic to evaluate the 
changes of the overall functional volume, FUn to quantify the changes 
in the interior of the functional space, and FSp to identify species 
contributing the most to FRic. We first created a species trait dis-
tance matrix using a modified version of Gower’s distance (“dist.ktab” 
function of the ade4 package), which allows the treatment of various 
types of variables (see table S1), e.g., quantitative, ordinal, nominal, 
multichoice nominal, binary (55). From this functional dissimilarity 
matrix, we then built a multidimensional Euclidean space based on 
a PCoA (56). We retrieved the PCoA axes using the “dudi.pco” func-
tion of the ade4 package. Using the method proposed by Maire et al. 
(56), we determined that the marine megafaunal functional space is 
best represented by seven dimensions (i.e., lowest mean squared de-
viation between the initial trait distance and standardized distance in 
the functional space given by the PCoA). However, we built our space 
using six dimensions because (i) the difference between mean squared 
deviations of a seven-dimensional space and a six-dimensional space 
was negligible (i.e., 0.0001), and (ii) 71.15% of the total inertia is 
represented in the first six axes. We assessed the relationship be-
tween axes and traits using a linear model (table S2).

On the basis of the multidimensional trait space, we calculated 
FRic, which measures the volume of functional space occupied, i.e., 
the convex hull volume whose vertices are delimited by the species at 
the edge of multidimensional trait space (and therefore, those farthest 
away from the center of the space) (57), capturing the whole range 
of species’ functional strategies (58). For each extinction scenario, 
we calculated the FRic of the main three main megafaunal taxonomic 
classes (mammals, fish, and sharks) and oceans as the proportional 
convex hull volume occupied relative to the current global assem-
blage (where the current global assemblage is 100% of the trait space 
volume; FRic = 1). FUn sensu (21) measures the level of isolation of 
each species inside the functional space, which allows quantifying 
the level of species’ uniqueness or redundancy (24). For each extinc-
tion scenario, and as in (59), we calculated mean FUn considering 
the five nearest neighbors (but see complementary analyses below). 
Last, we calculated FSp as the Euclidean distance of each species to 
the center of the multidimensional trait space (21), which allows dis-
tinguishing between those close to the center of the space (displaying 
average trait combinations, or generalists) and those near the edges of 
the space (displaying extreme trait combinations, or specialists). FSp 
was calculated only at the species level and not per scenario. FUn and 
FSp calculations were based on the current global trait distance matrix. 
Differences between mean FUn and FSp per taxonomic group were 
statistically compared using a Mann-Whitney-Wilcoxon test.

Random simulations
We performed three sets of random simulations. (i) We simulated 
the two extinction scenarios explained above, but the identity of spe-
cies going extinct was randomized to test whether observed losses 
were more extreme than expected purely by chance. For each ran-
domized extinction scenario, we calculated FRic and FUn and sta-
tistically compared the results against what we obtained empirically 
using a Wilcoxon signed-rank test because the data were not nor-
mally distributed (Shapiro-Wilk normality test, P < 0.05). We re-

peated these simulations per taxonomic group and per region. (ii) We 
calculated FUn separately for extinct and extant species across ex-
tinction scenarios (fig. S2B) using the 1000 resampled datasets described 
above. We computed the frequency of FUn(extant) > FUn(extinct) 
to assess whether the uniqueness of extinct and extant species was 
significantly different. (iii) We simulated changes in FRic and FUn 
by randomizing a sequence of species loss, from 10 to the total num-
ber of species (334), 1000 times each for both the global and the re-
gional assemblages.

FUSE index
We introduced an index that combines the uniqueness and special-
ization of each individual species within the global assemblage, and 
their extinction risk, FUSE, which aims to inform conservation pri-
oritization by linking traditional extinction threat measures with spe-
cies’ contribution to functional diversity. FUSE consists in adding the 
product between species’ uniqueness and specialization scores (47) 
and their IUCN Red List status as follows

  FUSE = FUGE + FSGE  (1)

where

  FUGE = ln(1 + (FUn × GE ))  (2)

and
  FSGE = ln(1 + (FSp × GE ))  (3)

FUn and FSp are the standardized FUn and FSp, respectively, mul-
tiplied by 4. GE is the IUCN scores, from LC = 0 to CR = 4 (see above). 
We used an LMM implemented in lme4 (60) to explore how spe-
cies’ FUSE scores are associated with their traits, accounting for tax-
onomic order as a random effect.

The FUSE index must be interpreted as a relative measure. A spe-
cies having a high FUSE score indicates that it is highly threatened 
globally, and simultaneously, that it displays more extreme and unique 
combination of traits. This implies that there are none or just a few 
species at the global scale that could play a similar functional role in 
case of extinction. Nevertheless, FUSE scores can also be calculated 
at smaller spatial scales (i.e., considering different species-pool sizes) 
according to the goal of the study. For example, a given species can 
be both more threatened and more functionally unique or special-
ized at the regional scale than at the global scale because of local threats 
and/or the absence of functionally similar species. Last, FUSE is a dy-
namic measure that would change as species’ IUCN statuses are updated.

Complementary analyses
We conducted two sets of complementary analysis. (i) We limited 
the traits used to those exclusively containing marine modalities 
(i.e., excluding terrestriality, breeding site, and migration) because 
adaptations for cross-realm movements are disproportionately rep-
resented within certain taxonomic groups (e.g., pinnipeds) and within 
species strongly affiliated with coastal habitats (fig. S1). These marine- 
only analysis reveals how extinctions threaten strictly marine eco-
system functions. There is only a moderate correlation between the 
values obtained from these two functional spaces (FSp rho = 0.62 
and FUn rho = 0.67; fig. S14). Deviation between values varies strongly 
within taxonomic class (fig. S14). Despite a reordering of the top 
FUSE species (see main text), overall FUSE values remained fairly 
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robust, with a high correlation between the values obtained from 
the two spaces (rho = 0.92; fig. S14). Using marine-only traits, mam-
mals occupied the largest percentage of the functional space (8%), 
followed by fish (7%) and sharks (4%). (ii) Because we calculated 
FUn as the mean distance of each species to five nearest neighbors, 
we reanalyzed our data varying the number of neighbors to test how 
the selected number of neighbors influenced our FUn results. We 
found that the identity of the three most functionally unique species 
remains unchanged when estimating it based on 1, 3, or 10 neigh-
bors (fig. S6). There is a strong correlation between FUn using five 
neighbors and using 1 (rho = 0.84), 3 (rho = 0.98), and 10 (rho = 0.97; 
fig. S15). Overall, our additional analyses show that our metric for 
FUn is robust to the number of neighbors used.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/16/eaay7650/DC1
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