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Keystone predators govern the pathway and pace of
climate impacts in a subarctic marine ecosystem
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Predator loss and climate change are hallmarks of the Anthropocene yet their interactive effects are
largely unknown. Here, we show that massive calcareous reefs, built slowly by the alga Clathromorphum
nereostratum over centuries to millennia, are now declining because of the emerging interplay
between these two processes. Such reefs, the structural base of Aleutian kelp forests, are rapidly
eroding because of overgrazing by herbivores. Historical reconstructions and experiments reveal that
overgrazing was initiated by the loss of sea otters, Enhydra lutris (which gave rise to herbivores
capable of causing bioerosion), and then accelerated with ocean warming and acidification (which
increased per capita lethal grazing by 34 to 60% compared with preindustrial times). Thus, keystone
predators can mediate the ways in which climate effects emerge in nature and the pace with

which they alter ecosystems.

redator loss and climate change are

defining features of the Anthropocene

(I-6). However, these processes have

mostly been explored independently

even in well-studied ocean ecosystems
where the impacts of predator loss and climate
change are both pronounced (5, 7). Because the
interplay between these processes and their
combined impacts are largely unknown, our
ability to predict the mode and pace of eco-
system change in the Anthropocene is limited.
Here, we address this limitation by reveal-
ing how keystone predator loss and climate
change are together reshaping kelp forests
of the remote Aleutian archipelago (8, 9)
(Fig. 1A).

Aleutian kelp forests are built upon a vast
framework of Clathromorphum nereostratum,
along-lived red alga that forms massive lime-
stone structures covering 50 to 100% of the
shallow seafloor (Fig. 1B). These living reefs,
assembled slowly (~0.35 mm of vertical growth/
year) over centuries to millennia (10), serve
as a habitat to many other species (11). They
dominate the seafloor when Kkelp forests pre-
vail (12) and have persisted through recent
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centuries when this ecosystem was deforested
by herbivores, principally because the alga’s
calcified morphology makes it especially re-
sistant to grazing (13). Like tropical corals (74),
however, this calcifying reef builder may be
especially sensitive to climate-induced changes
in seawater temperature and acidity (75), and
the alga’s skeleton indeed appears to have
weakened in recent decades (16). Moreover,
sea otters (Enhydra lutris), which maintain
Aleutian Kkelp forests through a trophic cas-
cade (8), have rapidly disappeared from south-
west Alaska over the past 30 years (table S1)
perhaps because of increased predation by
killer whales (9), which ostensibly shifted their
diet in response to industrial whaling (17).
With this collapse, the sea otter’s main prey,
the herbivorous sea urchin Strongylocentrotus
polyacanthus, proliferated and denuded the
region of kelp (table S2). We thus hypothesized
that C. nereostratum reefs may now be suscep-
tible to rapid destruction through overgraz-
ing, given that (i) sea urchins, the system’s
only major herbivore, are now hyperabundant;
(ii) the alga’s skeleton weakened rapidly in the
early 2000s (I16), which could have increased the
intensity (depth/bite) with which sea urchins
can graze (13) and thus the lethality of grazing
in recent time; and (iii) warming is postulated
to elevate herbivore grazing rates in the ocean
(18). To evaluate this hypothesis, we surveyed
multiple islands across >700 km of the archi-
pelago (Fig. 1A), quantifying the impacts of sea
urchin grazing on C. nereostratum from 2014
to 2017; reconstructed the history of sea urchin
grazing frequency on C. nereostratum (through
grazing scars archived in the alga’s skeleton)
and modeled the putative drivers of change
through time; and used controlled experiments
to isolate the manner and degree to which
present-day seawater conditions have altered
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the net impacts of sea urchin grazing relative
to the preindustrial era.

Lethal grazing of C. nereostratum [i.e., re-
peated grazing of tissues to a depth of >0.25 mm,
far below the regenerative cell layer (10, 13);
hereafter referred to as “bioerosion”] was se-
vere and widespread. At each study site in
2014, 40 to 85% of every colony was bioeroded,
establishing that much of each colony had lost
its living tissue and in turn the capacity to gen-
erate new growth (Fig. 1C). Sea urchin grazing
scars were up to 2.5 mm deep (Fig. 1D), re-
vealing that up to 7 years of prior algal growth
(10) can be removed by a single sea urchin bite.
Destructive overgrazing was further evidenced
by the presence of 40- to 60-mm-deep excava-
tion pits (Fig. 1E) and a relatively reduced algal
abundance (Fig. 1F) at Attu and the Semichi
Islands, suggesting that decades to centuries
of algal growth had already been lost in certain
places by 2014. After these observations, we
discovered that coralline algal abundance
(virtually all C. nereostratum) declined across
the archipelago during the next 3 years (Fig.
1F) (2014 versus 2017; 25 reefs among n = 6
islands, n = 4 to 6 sites/island; paired ¢ test:
t = 6.178, df = 24; P < 0.0001) such that among
all 6 islands, reefs lost on average 24% (+ 4 SE;
median: 17%) and up to 64% of their total cal-
cified reef framework over the 3-year period.
Although marine heat waves occurred across
the North Pacific in 2014 and 2015 (19), they
did not produce local temperatures that would
trigger algal mortality (10). Overgrazing, but
not algal bleaching, was seen during each of
our annual surveys, indicating that the most
parsimonious driver of the observed reef de-
cline was intense bioerosion.

When sea otters are present at ecologically
effective densities (20) [six or more individuals
per kilometer of coastline (21)], they greatly
suppress the size and abundance of sea urchins
in the ecosystem (8). The severe bioerosion of
C. nereostratum that we are now observing
(Fig. 1) is therefore at least partially caused
by the functional extinction of this keystone
predator (table S1) and the resultant prolifer-
ation of large sea urchins (tables S2 and S3),
the principal agents of bioerosion (fig. S1).
However, unlike in past centuries, when sea
otters went functionally extinct because of the
maritime fur trade (22), their recent popula-
tion collapse occurred in tandem with rapid
ocean warming and acidification due to rising
atmospheric Pco, (23). This region has also
experienced several ocean heat waves during
recent decades (24), including in 2014 and 2015
(19). The lethal bioerosion that is currently un-
folding (Fig. 1) could thus be a function of the
interplay among trophic cascades, ocean warm-
ing, and ocean acidification. We therefore sought
to establish how the process of bioerosion has
changed through time and to determine the
contributions of each putative driver to that
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Fig. 1. Erosion of long-lived coralline algal reefs across the Aleutian
archipelago. (A) Over centuries to millennia, C. nereostratum formed massive
reefs that structurally underpinned Aleutian kelp forests. (B) However,
these reefs are now eroding because of overgrazing by sea urchins. (C) Area
(in square centimeters) of each colony that was grazed to a depth below
its regenerative layer (gray bar) versus the area that persisted as living tissue
(blue bar). (D) Maximum depth (in millimeters) of individual sea urchin

bites on each colony. (E) Depth (in centimeters) of grazing “excavation pits”
on the reef. Bars in (C) to (E) are global means + SE from each island in
2014 (n = 10 surveys/site; n = 2 sites/island or group; n = 8 sites total).
(F) Spatial coverage of the coralline algal framework (median and quartiles;
whiskers indicate 95% confidence intervals) when assessed at n = 6 islands
(n = 20 quadrats/site; n = 4 to 6 sites/island) in 2014 (dark gray bars),
2015 (white bars), and 2017 (light gray bars).

change. To do so, we reconstructed the annual
frequency of bioerosion over a 40-year period
(1965-2004) through sea urchin grazing scars
archived in the skeletons of C. nereostratum at
Attu, Alaid, Amchitka, and Ogliuga, locations
that experienced differing levels of sea otter
recovery after cessation of the fur trade but
before the recent collapse (22). We then mod-
eled the degree to which bioerosion rates were
predicted through space and time by the coin-
ciding abundance of sea urchins and by sum-
mer sea surface temperatures (SSTs) [note:
we focus here on SST because although both
seawater temperature and pH are changing
because of rising atmospheric Pco,, only local
reconstructions of SST are available (25)].

As expected, bioerosion rates through space
and time (Fig. 2, A and B, and table S4) were
predicted by sea urchin biomass, and thus by
sea otter density (21). At Amchitka and Ogliuga,
islands where sea otters had recovered to near
carrying capacity and kelp forests had corre-
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spondingly returned by 1965, bioerosion was
negligible from 1965 to 1995 (Fig. 2A) but then
abruptly increased to high levels thereafter
when sea otter populations synchronously
collapsed across the region (22). At Attu, bio-
erosion was frequent from 1965 to 1970, when
sea otters were absent. Rates then declined
over the next 20 years in concert with Attu
being repopulated by sea otters (72) but re-
turned again to high levels after the afore-
mentioned collapse. Bioerosion at Alaid, an
island functionally devoid of sea otters since
at least 1912, was frequent throughout the
40-year period. Further, after statistically con-
trolling for the cascading influence of sea otters
and sea urchins (Fig. 2B), we discovered that
bioerosion covaried positively with SST from
1965 to 2004 (Fig. 2C and table S4). Aleutian
SSTs have increased on average 0.5°C since
1965, and this region experienced several
warming anomalies during the 20th cen-
tury (24, 25). Thus, whereas bioerosion was
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initiated by the loss of sea otters and the re-
sulting trophic cascade, seawater warming ap-
pears to have markedly accelerated this process
in recent times.

To further establish whether sea urchin graz-
ing has become more lethal to C. nereostratum in
recent years and to identify the respective roles
of seawater temperature versus Pco, in this
process, we cultured C. nereostratum and large
S. polyacanthus for 3 months under an appro-
priate suite of temperature and Pco, treatments
and then measured the effect of each on the
structural integrity of C. nereostratum and its
susceptibility to sea urchin grazing. Certain
treatment combinations mirrored preindustrial,
present-day, and predicted near-future mean
summer conditions specific to the Aleutians
(table S5). Elevating seawater Pco, reduced the
skeletal density of C. nereostratum, particularly
when temperature was also increased [Fig. 3A
and table S6; linear mixed-effects (LME) in-
teraction term: P = 0.007]. Notably, a similar
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inverse relationship between skeletal density
and seawater temperature has been evident
in wild C. nereostratum since 1914 (16). Elevat-
ing temperature increased per capita rates of
lethal grazing (LME: P < 0.001) irrespective
of Pco, (P = 0.467) (Fig. 3B and table S7). Net
rates of bioerosion under present-day sea-
water conditions (470 patm Pco,; 6.5 to 8.5°C)
were 34 to 60% higher than those seen under
preindustrial conditions (340 patm Pco,; 6.5°C),
suggesting that per capita rates of sea urchin-
induced bioerosion are much higher (and
thus more lethal) today than they were in the
18th century, a time when sea otters were
hunted to near extinction but societies had yet
to fully industrialize. Our experiment also sug-
gests that marine heat waves in 2014 and 2015
likely triggered particularly intense bioerosion
during those years (i.e., at rates similar to or
above those seen at 470 patm Pco,; 8.5°C, a
60% increase from preindustrial). Finally, our
experiment predicts that without rapid adapt-
ive evolution in C. nereostratum, an unlikely
event given that it is long-lived and rarely re-
produces sexually (10), per capita bioerosion
will increase another 17 to 39% by the year
2100 with the additional seawater warming
(+2°C) and acidification (+360 to 400 yatm
Pco,) projected for this region (26, 27).

Our study reveals that long-lived C. nereostratum
reefs, which underpin the diversity and stability
of Aleutian Kelp forests, are in rapid decline.
This decline, initiated by a trophic cascade
and accelerated by ocean warming and acid-
ification, would have gone undiscovered had
we focused solely on the direct effects of cli-
mate change on C. nereostratum (15). Our study
reveals that the pathways and pace with which
climate change is affecting C. nereostratum
have been, and will continue to be, contingent
upon the outcomes of species interactions,
a general dependency that heretofore has
neither been widely recognized nor well doc-
umented in nature. In the near term, the re-
covery of Aleutian sea otter populations
would effectively buffer this system against
a climate-induced decline of its structural
foundation. Without sea otter recovery, sub-
tle temperature- and pH-induced changes in
C. nereostratum and S. polyacanthus will
continue to amplify “interaction strengths”
within the cascade, likely causing C. nereostratum
reefs to collapse sooner than expected from
the direct effects of climate change alone.
Studying climate change through an ecolog-
ical lens is therefore necessary (28, 29) to
properly identify its emergent effects and
to predict its future impacts.

Our study also highlights the power of
trophic cascades in nature (7) and the poten-
tial for large predators to ameliorate some of
the effects of climate change in the near term.
Keystone predators are generally thought to
act as “biotic multipliers” of climate change
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(30). Our study expands on this view, indicat-
ing that in some cases, keystone predators
may instead serve as “biotic attenuators” of
change and that these predators will amplify
or attenuate change only in the places on
Earth where they remain at ecologically ef-
fective densities (7-3).
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Fig. 3. Effects of seawater temperature
and Pco, on algal integrity and bioerosion
rate. (A) Skeletal density (in milligrams

of CaCO3 per cubic centimeter) of

C. nereostratum when cultured for

4 months under various temperatures

and Pco, levels, including pairs that
represent preindustrial (P), modern (M),
and predicted near-future (F) conditions
specific to the Aleutian Islands (n =
3/treatment). (B) Rate at which large

S. polyacanthus consumed C. nereostratum
(in milligrams of CaCO3 per day per
square centimeter of alga) during a 20-day
grazing assay plotted as a function

of the treatments that both experienced
for 3 months before and during the

assay (n = 9 to 13/treatment). Bars in

(A) and (B) are means + SE.
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A lethal combination

It is well established that predators are essential for the structuring and maintenance of biotic communities. One of
the first demonstrations of this importance came from studies of the importance of sea otters to the maintenance of kelp
forests. Rasher et al. now show that the effects caused by the absence of this predator can be further exacerbated by
climate warming. In North Pacific kelp forests, otter absence led to a decline of slow-growing calcareous algae through
sea urchin herbivory, and this pattern was amplified by warming temperatures. Keystone predators are thus essential not
only for trophic structure but also for mitigating the impacts of climate change.
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