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e Background and Aims Coastal Alaska contains vast kelp habitat that supports diverse marine and human
communities. Over the past century, the North Pacific Ocean has undergone oceanographic and ecological regime
shifts that have the potential to influence the structure and function of kelp ecosystems strongly. However, the
remoteness and complexity of the glacially carved region precludes the regular monitoring efforts that would be

necessary to detect such changes.

* Methods To begin to fill this critical knowledge gap, we drew upon historical and modern surveys to analyse
the change in spatial coverage and species composition of canopy kelp between two time points (1913 and the
early 2000s to 2010s). We also incorporated decadal surveys on sea otter range expansion following complete
extirpation and reintroduction to assess the influence of sea otter recovery on the spatial extent of canopy kelp.
* Key Results We found increases in the spatial extent of canopy kelp throughout the Gulf of Alaska where there
was coverage from both surveys. Kelp in Southcentral Alaska showed extensive recovery after the catastrophic
Novarupta volcano. Kelp in Southeast Alaska showed persistence and spatial increase that closely matched in-
creases in the range of sea otters. Observations of thermally tolerant kelp species increased more than observations

of cold-adapted species between the two surveys.

* Conclusions Contrary to trends observed at lower latitudes, the kelp forests that ring the Gulf of Alaska have
been remarkably stable and even increased in the past century, despite oceanographic and ecosystem changes. To
improve monitoring, we propose identification of sentinel kelp beds for regular monitoring to detect changes to
these iconic and foundational canopy kelp species more readily.

Key words: Sea otter, bull kelp, Nereocystis luetkeana, giant kelp, Macrocystis pyrifera, dragon kelp, Eularia
fistulosa, Gulf of Alaska, ShoreZone, volcanic eruption, potash, Kelp Watch.

INTRODUCTION

Kelp, large brown macroalgae in the order Laminariales, are
culturally and economically important species and are founda-
tional to diverse ecosystems in nearshore temperate zones glo-
bally (Teagle et al., 2017). Kelp themselves are an important
source of food, a navigational tool and a source of textiles for
human societies in modern and ancient times (e.g. Erlandson et
al., 2007; Thurstan et al., 2018; Naar, 2020). The habitat cre-
ated by kelp is valued in the billions of dollars owing to the
ecosystem services for fisheries, nutrient cycling and carbon
removal, and kelp species are increasingly cultivated for aqua-
culture (Eger et al., 2023). However, as the climate warms and
humans fish down the food web, kelp ecosystems worldwide
are diminishing (Pauly and Palomares, 2005; Krumhansl et
al., 2016). In Western Australia and Northern California, for
example, marine heatwaves decimated kelp ecosystems, with
lasting impacts even after the heatwave event passed (McPherson
et al., 2021; Wernberg, 2021). In both cases, change was rap-
idly detectable owing to regular monitoring efforts.

Kelp habitat in the North Pacific is extensive, diverse
and evolutionarily ancient, yet a lack of regular monitoring
efforts has precluded our ability to detect change readily,
despite major oceanographic and ecological shifts over the
past century (Esslinger and Bodkin, 2009; Bolton, 2010;
Marshall et al., 2019; Danielson et al., 2022). The most
notable of these changes are an oceanographic shift in the
1980s towards warmer sea surface temperatures in the Gulf
of Alaska (Marshall et al., 2019; Danielson et al., 2022)
and range expansions of sea otters (Enhydra lutis) fol-
lowing near-total extirpation owing to the Russian fur trade
in Southeast Alaskan waters in the 19" century (Esslinger
and Bodkin, 2009). Sea otters are prolific consumers of
benthic invertebrates, including species that consume kelp,
such as sea urchins. In general, the presence of sea otters
results in a reduction of benthic herbivores and a resulting
increase in kelp (e.g. Breen et al., 1982; Estes and Duggins,
1995), although this positive relationship between otters
and kelp can be mediated by confounding oceanographic
and demographic factors (e.g. Watanabe and Harrold,
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1991; Konar, 2000). Therefore, although the human popu-
lation density in the North Pacific, specifically the Gulf of
Alaska, remains low, regime shifts driven by anthropogenic
and oceanographic forcing might still be altering kelp eco-
systems significantly (Parnell et al., 2010; Robinson et al.,
2020).

To address this major knowledge gap in the spatial and tem-
poral dynamics of Gulf of Alaska canopy kelp ecosystems,
we drew upon the only two wide-scale kelp surveys ever con-
ducted in the region to assess the change in the linear extent
and species composition of canopy kelp beds in Southeast
and Southcentral Alaska (Fig. 1). The first datasets were maps
of canopy kelp created by expeditions in the early 20th cen-
tury to investigate domestic sources of potash salts, an im-
portant component of agricultural fertilizer (Cameron, 1915;
Cameron hereafter). The second were the ShoreZone surveys
that mapped 94% (>120 000 km) of the nearshore habitat in
Alaska from 2001 to 2016 (ShoreZone, 2022; ShoreZone here-
after). Both datasets included information on the linear extent
and density of the three kelp species in the North Pacific that
form floating canopies: dragon kelp (Eularia fistulosa), bull
kelp (Nereocosytis luetkeana) and giant kelp (Macrocystis
pyrifera). Historical maps of canopy kelp extent have been
used to great effect in Washington and British Columbia to ex-
tend our knowledge of kelp ecosystems over time (Costa et
al., 2020; Berry et al., 2021). This is the first time that the
Cameron Alaska expedition dataset has been digitized and
georeferenced. We also incorporated surveys of sea otter range
extent in Southeast Alaska from 1968 to 2003 to assess the
influence of trophic recovery on kelp ecosystems (Esslinger
and Bodkin, 2009). By combining these diverse data sources,
we provide the first spatially and temporally extensive analysis
of Alaskan canopy kelp ecosystems, and we have found evi-
dence for increases in kelp extent after trophic and geological
disturbance, and overall stability of kelp ecosystems despite
oceanographic changes.
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MATERIALS AND METHODS

Species of focus

This study focuses on the three floating kelp species found in
Alaska. Dragon kelp (E. fistulosa), in the family Alariaceae,
is an annual subpolar species with a range extending from
Southeast Alaska to the Aleutian Islands and to Japan and
Russia. Dragon kelp grows in semi-protected to exposed habi-
tats (Lindeberg and Lindstrom, 2016). Bull kelp (N. luetkeana),
in the family Laminariaceae, is an annual temperate species
found from Southern California to the Aleutian Islands. It is
most commonly found in semi-exposed or high-current areas
(Lindeberg and Lindstrom, 2016). Giant kelp (M. pyrifera),
also in the family Laminariaceae, is the only perennial canopy
species in Alaska and is found in semi-exposed habitats from
Baja California, Mexico, to the Kodiak Archipelago in Alaska
(Lindeberg and Lindstrom, 2016).

Overview of datasets

The Cameron surveys were conducted visually from ves-
sels driven 20—400 yards (18-365 m) away from the kelp being
mapped. The width of kelp beds was estimated visually using
cues from the shoreline. In Southeast Alaska, surveys took
place from May to September 1913, and in Southcentral Alaska
they took place from July to August 1913. The survey report
did not state expressly where the expeditions did or did not visit
(Cameron, 1915).

The ShoreZone surveys were conducted by capturing the
shoreline using high-resolution video and photographs from
helicopter or fixed wing aircraft 100 m offshore and at 100-
300 m elevation. Flights took place during spring and summer
daylight tides lower than 0 m (mean low water). Based on the
collected imagery, the shoreline was segmentized into rela-
tively homogeneous units based on biological and geomorphic
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FiG. 1. The area of study, with ShoreZone units outlined in blue and ShoreZone Areas indicated as black polygons in Southeast Alaska (A) and Southcentral
Alaska (B). The number before the decimal point in the polygon labels is the ShoreZone region, and the number after the decimal point is the ShoreZone area
within that region.
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features (Cook et al., 2017). The wave exposure classification
within each unit was defined by ShoreZone as the effective
fetch range, which is the distance wind can travel across open
water. Owing to the extensive coastline to be mapped and vari-
ation in available funding, surveys took place over several
years. Southeast Alaska was mapped between 2004 and 2013.
Most of Southcentral Alaska that was included in our analyses
was mapped from 2001 to 2003, with some shoreline mapped
from 2008 to 2016. Each location was mapped only once over
the course of these years (Cook et al., 2017; Fig. 1).

Surveys of sea otter range were conducted by the United
States Fish and Wildlife Service (Esslinger and Bodkin, 2009).
Otters were counted in targeted regions that were selected
on the basis of observed sightings of otters by biologists and
local residents (Esslinger and Bodkin, 2009). Surveys before
1995 were conducted primarily using small vessels driven par-
allel to shore while observers onboard counted visible animals
(Pitcher, 1989). Subsequent surveys were conducted aerially,
using strip transect flight paths directed perpendicular to shore
(Bodkin and Udevitz, 1999). Surveys were repeated in 1968,
1975, 1988, 1994 and 2003, with the spatial breadth of the sur-
veys changing based on observations of sea otter occupation.

Data processing

The original Cameron maps and accompanying documen-
tation were scanned from the archives of the Alaska State
Museum. The maps were uploaded into QGIS (QGIS.org,
2021) and georeferenced to match the associated coastline in
Bing Satellite imagery using the EPSG:3857 WGS 84/Pseudo-
Mercator projection. Kelp beds were digitized both as polygons
(as they appear in the Cameron maps) and as maximum linear
extent, meaning that they could be matched to the ShoreZone
data format more readily. The Cameron surveys recorded meta-
data for each kelp bed, including canopy species composition
(dragon kelp, giant kelp and bull kelp) as a singular species or
mixed canopy, with the proportion of area occupied estimated
in tenths; and bed density as a six-point scale from very thin to
very heavy.

The ShoreZone ESRI shapefiles of canopy kelp in Southeast
Alaska (regions 10-12) and Southcentral Alaska (regions 3-8)
were downloaded from the ShoreZone website (ShoreZone,
2022), along with accompanying metadata on the identification
number (region, area and unit); wave exposure as a Six-point
scale from very protected to very exposed; and the canopy spe-
cies composition (dragon kelp, giant kelp and bull kelp) of each
bed, including whether a given species was present as patchy or
continuous. Patchy was defined as being visible in less than half
of the along-shore unit length, and continuous was defined as
more than half (Harper and Morris, 2014). Quality assurances
and control of biological observations were achieved through
the review of 10% of all observations by mappers by another
mapper (Cook et al., 2017).

To combine the two datasets, we divided the Cameron kelp
beds into 10 m increments and associated each increment with
the nearest ShoreZone unit using the sf package in R (Pebesma,
2018). For each kelp bed unit in both datasets, we applied a
multiplier to account for variation in the thickness of the bed:
for the ShoreZone data, if any species was described as con-
tinuous for a given bed, then the bed was determined to be

continuous and the linear extent multiplied by 0.75; if all spe-
cies present were listed as patchy, then the bed was determined
to be patchy and multiplied by 0.25. For the Cameron data, we
multiplied the linear extent of beds by 0.75 if they were de-
scribed as ‘very heavy’ to ‘medium heavy’ or by 0.25 if they
were described as ‘medium’ to ‘very thin’. In order to compare
the species composition of beds in the two datasets, we classi-
fied a bed as single species, mixed two species or mixed three
species, for a total of seven possible combinations.

Given that it was unclear precisely where the Cameron ex-
peditions mapped, analyses were spatially limited to units that
contained kelp in the Cameron surveys (Fig. 1).

We also incorporated data from aerial surveys of sea otter
range in southeast Alaska from 1968, 1975, 1988, 1994 and
2003 (Fig. 2A). Initially, we overlapped the Cameron and
ShoreZone kelp survey data by the observed spatial extent of
the sea otter range for each survey year and assigned a presence
value to each unit within the area of overlap. We then combined
all the data and summed the number of surveys with observed
otters, such that units in areas where otters have been observed
since 1968 had a value of five, units in areas with otters ob-
served since 2003 had a value of one, and units in areas where
otters were never seen in any of the surveys had a value of zero.
Based on the survey polygons, otter ranges only expanded, they
did not contract. Therefore, the number of surveys with ob-
served otters is an accurate representation of the length of time
otters have been observed in an area (Esslinger and Bodkin,
2009).

Data analysis

We first asked whether kelp extent per unit differed be-
tween the two datasets using Welch’s two-sample #-test (Welch,
1947). We then used linear models to ask whether differences
in kelp extent between the Cameron and ShoreZone surveys
differed across space and across gradients of wave exposure.
In all models, the independent variable was the difference be-
tween the adjusted linear extent of kelp in the ShoreZone sur-
veys minus the adjusted linear extent of kelp in the Cameron
surveys, per unit. This means that, for a given unit, a positive
number indicated a longer extent of kelp in the ShoreZone
survey. We analysed Southeast and Southcentral Alaska separ-
ately. To test for differences across space, we used ShoreZone
region as the dependent variable. To test for differences across
wave exposure, we converted the ShoreZone wave exposure
classifications of ‘very protected’ to ‘very exposed’ to a six-
point scale. All statistical analyses were conducted in R (R Core
Team, 2022).

Using a similar approach with linear models, we asked
whether areas with a longer duration of otter presence have
more kelp per unit in ShoreZone compared with the Cameron
surveys. We also assessed whether wave exposure changed the
pattern by incorporating an exposure interaction into the linear
model.

To assess whether the species composition of the canopies
changed between the two datasets, we considered change per
unit between the two surveys, in addition to the total number
of units that contained a given species in each survey. To ana-
lyse change, we assigned a zero if the species composition of
the canopy did not change (e.g. dragon kelp to dragon kelp) or

GZ0Z 8unp Q. Uo Jasn y|esH oljdnd JO UOISIAIQ BYSEIY AG £€GELEL/SOL/LIEE L/oI0IHNE/GOR/WO00"dNO"oIWaPED.//:SARY WO PEPEOIUMOQ



108 Hollarsmith et al. — Alaskan canopy kelp recovery from disturbance

58°N{
400+
57°N] o
[e)]
C
®©
£ 2001
o
56°N N
55°N-
w100 km N
136°W  134°W  132°W  130°W
~200

B

i

0 1-10  10-19 16-25 29-38 36-45
Years with otters

FiG. 2. (A) The spatial extent of otters observed in aerial surveys in 1968 (yellow), 1975 (orange), 1988 (pink), 1994 (purple) and 2003 (blue). (B) The influence

of otter occupation on the change in kelp between the ShoreZone and Cameron surveys. Kelp change is the linear extent of kelp in the Cameron surveys in 1913

subtracted from the linear extent of kelp in the ShoreZone 2004-2013 surveys on a per unit basis (in metres). ‘Years with otters’ indicates the number of years be-

tween the ShoreZone surveys and when otters were first observed in an aerial survey in a given location. The horizontal line of the box plot represents the median,

the box represents the first and third quartiles, and the vertical line represents 1.5 times the difference between the first and third quartiles. Outliers are excluded
from the graph but were included in the analysis.

a one if it did change (e.g. dragon to bull kelp or dragon—bull
kelp mixed to only bull kelp). We used a binomial regression
with species change (0/1) as the dependent variable and species
classification in Cameron survey as the independent variable.
This approach allowed us to ask whether certain species be-
came more dominant in the ShoreZone surveys than they were
in the historical Cameron surveys.

RESULTS

Changes in kelp extent

Overall, 4985 km of kelp were mapped in the study region from
the ShoreZone surveys, accounting for adjustments based on
whether a bed was patchy or continuous. Of that number, 4567
km were from Southeast Alaska and 418 km from Southcentral
Alaska. In the Cameron surveys, 3043 km were mapped, ac-
counting for adjustments based on bed thickness, with 2737 km
from Southeast Alaska and 307 km from Southcentral Alaska.
The difference between the two datasets on a per-unit basis was
significant (Southeast: Cameron mean =206 m, ShoreZone
mean =345 m, t=-31, P<0.001; Southcentral: Cameron
mean = 203 m, ShoreZone mean =277 m, t =-5, P <(0.001).
In Southeast Alaska in both surveys, dragon kelp was encoun-
tered mainly in the north, giant kelp along the exposed coast
and bull kelp throughout (Fig. 3). In Southcentral Alaska in both
surveys, both dragon and bull kelp were distributed throughout,
and giant kelp was not observed (Fig. 4).

In Southeast Alaska, the difference in kelp extent per unit
differed significantly across regions (Fig. SA). The smallest
difference between the two surveys was observed in the
northern region, with slightly more kelp in the ShoreZone

surveys compared with the Cameron surveys (region 10;
estimate =69 m, t=9, P <0.001). The central region had
a greater difference (region 11; estimate =94 m, =3,
P =0.00369), and the southern region had the greatest differ-
ence between the two surveys (region 12; estimate = 274 m,
t=21, P <0.001).

In Southcentral Alaska, kelp likewise differed significantly
by region (Fig. 5B). Region 3, which comprises the outer coast
of the Kenai Peninsula, had significantly more kelp in the
ShoreZone surveys than all other regions except region 8 (es-
timate = 244 m, t =4, P <0.001). Region 4, representing the
Kachemak Bay on the inner coast of the Kenai Peninsula, had
more kelp in the Cameron survey (estimate = -88 m, ¢ = -5,
P <0.001). Region 5, along the outer coast of Kodiak is-
land, region 6, along the coast of Kodiak Island that borders
Shelikof Strait, and region 7, along the mainland portion of
Shelikof Strait, including Katmai National Park, also differed
significantly from region 3 (region 5: estimate = 104 m, ¢t = -2,
P <0.001; region 6: estimate = 15 m, t = —4, P = 0.001; region
7: estimate = 7 m, t = =3, P = 0.005). Region 8 is the beginning
of the Aleutian Island chain and did not differ significantly from
region 3 (estimate = 149 m, t = -1, P = 0.15).

In both Southeast and Southcentral Alaska, there was sig-
nificantly more kelp in the ShoreZone surveys compared with
the Cameron surveys as wave exposure increased (Fig. 6;
Southeast: estimate = 137 m, =25, P <0.001; Southcentral:
estimate =77, t=4, P <0.001).

Changes in canopy species composition

When considering only units that had kelp in both surveys,
we observed significant changes in the species composition
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Fi1G. 3. Kelp extent broken up by survey and species in Southeast Alaska. (A—C) Cameron surveys in 1913. (D-F) ShoreZone surveys in 2004-2013. The extent
of dragon kelp (Eularia fistulosa) is indicated by maroon lines in panels A and D; giant kelp (Macrocystis pyrifera) is indicated by green lines in panels B and E;
and bull kelp (Nereocystis luetkeana) is indicated by gold lines in panels C and F.

of the kelp beds in both Southeast and Southcentral Alaska
(Figs 7 and 8).

In Southeast Alaska, giant kelp was the most likely to have
changed between the two surveys, showing a significant in-
crease in representation (estimate = 2.8, z =—12, P < 0.001).
Mixed bull-giant kelp beds were the next most likely to change,
with a significant decrease in representation; these beds
were largely replaced by giant kelp (estimate =1.6, z=11,
P <0.001). Bull kelp (estimate = 0.6, z=6.5, P <0.001) and
mixed bull-dragon kelp (estimate = 0.4, z =4, P < 0.001) both
decreased significantly in representation. Finally, dragon kelp
showed a small but significant increase in representation be-
tween the two surveys (estimate =-0.3, z=-3, P <0.001)
(Figs 7 and 8).

In Southcentral Alaska, bull kelp was the most likely to
have changed between the two surveys (estimate=—1.9,
z-value = -6, P <0.001), followed by mixed bull-dragon
kelp beds (estimate =-1.8, z-value=-9, P <0.001), both

of which showed an increase in representation. Dragon kelp
beds decreased significantly in representation (estimate = 1.5,
z-value = 17, P < 0.001) (Figs 7 and 8).

Influence of otters on kelp extent

The difference in kelp extent per unit between the ShoreZone
and Cameron surveys was greater in areas where otters had
been observed for longer (Fig. 2B; estimate =47 m, =17,
P <0.001), meaning that areas with a longer history of otter
occupation also had more kelp in recent surveys than areas
with no or only recent otter occupation. The relationship be-
tween otter occupation time, change in kelp per unit and ex-
posure was complex, with otter occupation time, exposure and
the interaction between the two all being significant predictors
of the change in kelp per unit (interaction estimate = —38;
t-value = -9; P < 0.001).
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FiG. 4. Kelp extent broken up by survey and species in Southcentral Alaska. (A, B) Cameron surveys in 1913. (C, D) ShoreZone surveys in 2004-2013. The extent
of dragon kelp (Eularia fistulosa) is indicated by maroon lines in panels A and C, and bull kelp (Nereocystis luetkeana) is indicated by gold lines in panels B and
D. The asterisk indicates the location of the Novarupta volcano.

DISCUSSION

By drawing upon diverse datasets (a previously undigitized
shipboard survey of 20th century canopy kelp, modern aerial
surveys of 21st century kelp in Alaska, and aerial surveys of sea
otter range expansion following initial reintroduction in 1965),
we were able to elucidate patterns of change and stability in
an important nearshore habitat in a data-scarce region. The re-
sults of our analyses suggest remarkable stability in the overall
coverage of canopy kelp habitat in Southeast Alaska and an ex-
pansion of canopy kelp habitat in Southcentral Alaska. We also
observed evidence for the keystone role that sea otters play in
kelp ecosystems: areas with longer observations of otter occu-
pation had greater increases in kelp extent. Finally, we found an
increase in the canopy dominance of bull and giant kelp relative
to dragon kelp. This combination of stability and change high-
lights the dynamic nature of canopy kelp ecosystems, domin-
ated by annual species in Alaska, and the importance of surveys
to be able to catalogue that change.

Our analyses suggest that the linear extent of canopy kelp
increased between 1913 and the early 2000s, contrary to gen-
eral trends of kelp decline observed along much of the Pacific
Basin (Krumhansl et al., 2016). Declines along the western

North American coast, including Northern California and the
Puget Sound, have been especially severe in recent decades
and have probably been driven by the combination of warming
sea surface temperatures and the reduction of herbivore pred-
ators, such as large rockfish, lingcod, sunflower stars and sea
otters (Rogers-Bennett and Catton, 2019; Berry et al., 2021;
Hollarsmith et al., 2022). However, there are important excep-
tions to this downward trend, such as in the high-latitude giant
kelp ecosystems of Southern Chile (Mora-Soto et al., 2021)
and parts of outer Vancouver Island (Starko ef al., 2022). In
both cases, the authors observed higher persistence of kelp in
areas of high wave exposure, the same pattern we observed
in our data. Notably, we observed increases in kelp extent even
in less exposed areas, despite the fact that the Gulf of Alaska
has warmed significantly over the past century (Danielson et
al., 2022).

Our observations of kelp increase present the hopeful pos-
sibility of high-latitude refugia for these cold-adapted species;
however, there are important caveats to consider. Observed
increases in kelp extent in Southeast and Southcentral Alaska
between the two surveys, especially in areas of high wave ex-
posure, could be exaggerated by differences in how the surveys
were conducted. Unlike the boat-based Cameron surveys, the
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aerial ShoreZone surveys were unencumbered by marine con-
ditions and were able to target low tides consistently, in order to
maximize the likelihood of observing canopy kelp (Cook et al.,
2017). The Cameron surveys in Southcentral Alaska explicitly
state that extreme weather prevented them from conducting
full surveys in parts of Kodiak Island and the Alaska Peninsula
(Cameron, 1915). Although not specified in the documentation
from the Cameron surveys in Southeast Alaska, it would be
reasonable to assume that more exposed beds were harder to
visit and therefore less likely to be included in the final dataset.
Additionally, these surveys do not include the last decade of

particularly anomalous conditions (Litzow et al., 2020). The
record-breaking Pacific marine heatwave event of 2014-2016
profoundly altered subtidal kelp ecosystems along the west
coast of North America, from Baja California, Mexico, to
Washington state, USA (Arafeh-Dalmau et al., 2019; Rogers-
Bennett and Catton, 2019; Starko et al., 2022; Tolimieri et
al., 2023). Intertidal monitoring in Southcentral Alaska sug-
gests that macroalgae species were impacted by the heatwave
(Weitzman et al., 2021).

Increases of canopy kelp in Southeast Alaska seem al-
most entirely attributable to the range expansion of sea otters.
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Researchers have closely tracked the effects of otters since
the reintroduction of 403 individuals between 1965 and 1969
(Esslinger and Bodkin, 2009). The diet of sea otters in the inside
waters of Southeast Alaska tends to be dominated by bivalves
rather than urchins (Kvitek and Oliver, 1992; LaRoche et al.,
2021), and the classic otter-mediated trophic cascade has not
been observed in seagrass ecosystems in the region (Raymond
etal.,2021), both of which suggested that the effect of otters on
kelp ecosystems might be less pronounced than in other regions
(e.g. Estes and Palmisano, 1974). However, we found that areas
with a longer history of otter occupation had a much greater
spatial extent of kelp in recent compared with historical sur-
veys, with very little change between the two surveys in areas
outside the sea otter range. These findings suggest that as otters
continue to expand their range in Southeast Alaska, kelp eco-
systems will be likely also to expand, barring other climatic or
trophic disturbances.

The increases in kelp extent in Southcentral Alaska between
the two surveys can probably be attributed entirely to recovery
of the ecosystem following the massive and catastrophic 1912

eruption of the Novarupta volcano, previously thought to be
Mount Katmai. This was the largest volcanic eruption of the
20th century, and observers who visited the region shortly after
the eruption found that ‘marine life was affected to a larger de-
gree than perhaps would be expected [ ... ]. Kelp is apparently
dead as far as the eastern end of Afognak Island’ (Martin, 1913;
Hildreth and Fierstein, 2012). The Cameron expedition like-
wise attributed the lack of kelp in Shelikof Strait (ShoreZone
regions 6 and 7) to the effects of the eruption, which happened
only 1 year before the surveys and resulted in <50 cm of ash
falling in that region (Cameron, 1915; Fierstein and Hildreth,
1992). Thus, although our findings from Southcentral Alaska
are not necessarily indicative of persistence in the face of a
changing climate, they do illustrate the potential of kelp eco-
systems to recover from extreme point disturbances. Surveys
of kelp recovery after large disturbances, such as volcanic
eruptions or tsunamis, have found returns of canopy kelp abun-
dance to pre-disturbance levels within years (e.g. Walker et al.,
2013; Muraoka et al., 2017), although Thomsen et al. (2021)
observed persistent extirpation of large brown macroalgae
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(Durvillaea antarctica and Durvillaea willana) 4 years after a
major earthquake in New Zealand.

We also found evidence that the species composition of the
beds might have changed in the past century, with more ther-
mally tolerant species (giant kelp in Southeast Alaska and bull
kelp in Southcentral Alaska) increasing more than the more
cold-adapted species (dragon kelp). In Southeast Alaska,
this expansion of giant kelp, in particular, could be the con-
sequence of climate-driven competitive advantage of this
thermally tolerant species (Muth et al., 2019; Hollarsmith et
al., 2020). Climate-driven shifts in dominance have been ob-
served in other macroalgal ecosystems (Straub et al., 2016).
In Southcentral Alaska, our interpretation of species domin-
ance must again account for the effects of the volcano, because
the altered water quality might have affected each species
differentially.

It is also possible the patterns of species canopy cover are a
relic of differences in survey methodology, in that the Cameron
surveys were conducted all in one season, such that the first
site (Ketchikan) was visited in early spring and the last site
(unspecified) in early autumn, whereas the ShoreZone surveys
took place during spring and summer across multiple years. In
Southeast Alaska today, giant kelp generally reaches peak bio-
mass in June (Bell and Kroeker, 2022) and bull kelp in late
July (T. Peeples, University of Alaska Fairbanks, Juneau, pers.
comm.). We were unable to find information on dragon kelp. The
Cameron survey observed peak biomass of bull kelp in August
and dragon kelp in late July (Cameron, 1915). Therefore, spe-
cies observations could be confounded by differences in the

timing of when a given bed was surveyed. This is a system
dominated by annual species, meaning that the dominant spe-
cies of a given bed might also switch on annual and interannual
scales depending on oceanographic or ecological conditions
(Grubb, 1988; Bell et al., 2020).

In order to detect future changes in kelp canopy abundance
and species composition better in this vast and remote region,
we propose the establishment of sentinel kelp beds that can
be monitored at regular intervals using remote sensing tech-
niques (e.g. Cavanaugh et al., 2021) and through collaboration
and engagement with coastal communities (e.g. Diggon et al.,
2022). Potential monitoring locations could include currently
known range limits, such as Frederick Sound for dragon kelp
(Fig. 1, boxes 11.04 and 11.05) or areas of species expan-
sion, such as Kuiu Island for giant kelp (Fig. 1, box 11.06)
or Shelikof Strait for bull kelp (Fig. 1, boxes 6.01-6.03).
Sites could also prioritize proximity to villages and towns
for ease of access for community-science initiatives, or areas
of particular cultural or economic importance, such as trad-
itional or commercial harvesting grounds. Novel tools, such
as KelpWatch (Bell et al., 2023), which uses Landsat satellite
imagery to detect kelp, can also be used to assess change in
remote areas where physical access is challenging. Although
satellite imagery can be a powerful tool for mapping kelp (e.g.
Bell et al., 2018), the high currents, high tidal flux and high
cloud cover common to coastal Alaska make satellite imagery
less reliable for mapping the fringing kelp beds in this gla-
cially carved region (Stekoll et al., 2006; Cavanaugh et al.,
2021). Regardless of the approach adopted, it will be crucial
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to monitor this expansive and important habitat at a higher
temporal resolution than 100 years, especially as the environ-
ment continues to change rapidly.
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