arising from the vertical density gradient and the
sloping interface

(1)

is balanced by the turbulent shear stress at the
interface. With density p and layer height & taken
from the CTD profile and basal slope o calcu-
lated from depth differences between Drill A
and B, the buoyancy force is estimated at
0.043 Pa. This compares favorably to the average
shear stress measured by the flux package, puz=
0.076 Pa (Fig. 4B), indicating that the observed
boundary layer flow is forced by the melt-
generated buoyancy acting along the sloping base
of the shelf.

These in situ measurements of the underside
of the PIG ice shelf reveal strong but spatially
non-uniform ice/ocean interaction, in which ocean
boundary layers are strongly coupled to basal
melting: They are buoyantly forced by melt water
and are constrained by the resulting melt channel
morphology. The pRES melt rate estimates docu-
ment the cross-channel variability in melt rate
that results from the channelized flow, whereas the
longer-term flux package estimates demonstrate
that melt rates and boundary layer properties were
fairly steady over the month of observations, which
is consistent with the idea that the forcing is due
to the relatively slowly evolving buoyancy field
within the ocean cavity. If these direct melt rates
within the channel are annualized, they range be-
tween 14.2 and 24.5 m year '. However, we ex-
pect that melt rates will be affected by seasonal or
other long—time-scale variability associated with
the oceanic forcing. We also expect along-shelf

8
agi(p ~ Ps)dz

spatial variability in cross-shelf melt patterns, as
supported by recent altimetry analyses (/3) that
infer preferential melting of keels toward the
terminus. The continuity of the channels seen in
satellite imagery and the airborne radar survey,
in conjunction with the vigorous melt rates here
described, indicate that basal melting is active
from the grounding line to at least the mid-shelf
location of the observations. In addition to our ob-
servations, a recent idealized numerical simu-
lation of an ice shelf base and ocean boundary
layer has suggested that channelization is of fun-
damental importance, because a channelized
base actually melts much less vigorously than a
nonchannelized one (/4). The remarkable ice/
ocean coupling evident in our observations points
to the need to represent channelized ice/ocean
interaction in models of PIG and similar outlet
glaciers in global climate simulations of sea-level
change.
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Marine Taxa Track Local

Climate Velocities

Malin L. Pinsky,™?* Boris Worm,? Michael ]. Fogarty,* Jorge L. Sarmiento,> Simon A. Levin*

Organisms are expected to adapt or move in response to climate change, but observed
distribution shifts span a wide range of directions and rates. Explanations often emphasize
biological distinctions among species, but general mechanisms have been elusive. We tested an
alternative hypothesis: that differences in climate velocity—the rate and direction that climate
shifts across the landscape—can explain observed species shifts. We compiled a database of
coastal surveys around North America from 1968 to 2011, sampling 128 million individuals
across 360 marine taxa. Climate velocity explained the magnitude and direction of shifts in
latitude and depth much more effectively than did species characteristics. Our results demonstrate
that marine species shift at different rates and directions because they closely track the complex

mosaic of local climate velocities.

lobal warming during the past century
has had many biological effects, includ-
ing changes in phenology and poleward
shifts in species distributions (/—3). However, spe-
cies have not responded uniformly, and shifts in
their distributions have occurred at widely differ-
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ent rates and in different directions (/—10). In both
marine and terrestrial assemblages, up to 60%
of species are not shifting as expected; i.e., to
higher latitudes, higher elevations, or greater
depths (/—10). A range of hypotheses has been
proposed to explain this observed variation, in-

cluding the effects of habitats (/7), species inter-
actions (11, 12), sensitivity to environmental
gradients (/3), response times (10), colonization
abilities (/4), and physiological or evolutionary
adaptations (15). In essence, many of the leading
hypotheses have emphasized biological differ-
ences among species (8—10, 14).

An alternative and possibly more general hy-
pothesis posits that local differences in climate
velocity (16, 17) can explain heterogeneity in
species shifts. Climate velocity is the rate and
direction that isotherms shift through space,
and it combines both temporal and spatial rates
of temperature change (16, /7). Previous au-
thors have hypothesized that species may follow
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climate velocities (/6—19), but a direct test has
not been attempted (2, /3, 18). An examination
of broad taxonomic groups found faster shifts in
regions of higher climate velocities but did not
examine variation among species or shifts to-
ward lower latitudes (2). These issues are par-
ticularly important in the ocean, where climate
velocities are up to seven times higher than on
land (76, 18).

To understand how marine species respond
to climate velocity, we compiled four decades
of scientific surveys of fish and invertebrates
from the continental shelves of North America
across nine regions spanning ~3.3 million km?
and 60,394 bottom-trawl samples from 1968 to
2011 (fig. S1 and table S1). These surveys cap-
tured 128 million organisms from 580 popula-
tions of 360 species or species groups; we refer to
these collectively as “taxa.”

We measured range shifts by tracking the lo-
cation of range centroids (20). Taxa showed con-
siderable variation in the direction and rate of
shifts, both within regions (Fig. 1, B to D) and
between regions (Fig. 1A and figs. S2 to S4).
Individual species shifted north (for example,

American lobster in the northeast), south (big
skate on the west coast), or remained approxi-
mately stable (Pacific cod in Alaska, Fig. 1).
Defining an assemblage as the set of sampled
taxa within a geographic region, four assem-
blages shifted poleward (Fig. 1, A, B, and D),
whereas five shifted south (Fig. 1, A and C, and
fig. S2). For example, assemblages from the
west coast and the Gulf of Alaska shifted south
at >11 km/decade during a cooling period that
is thought to reflect multidecadal climate
variability (21).

At the assemblage level, regional tempera-
ture changes explained differences in observed
shifts, although modified by geographic con-
straints. Assemblage shifts were positively but
weakly related to bottom temperature trends (+° =
0.27, P=0.15, n = 9 regions; Fig. 2A). However,
the Gulf of Mexico assemblage (Fig. 1C) was
an outlier in this relationship and the only warm-
ing region with an east-west coastline that pre-
vented poleward shifts. Instead, this assemblage
shifted deeper (Fig. 2D). After this region was
omitted, bottom temperature explained more
than half of the variation in assemblage shifts

(r? =0.60, P=0.023, n = 8 regions). Surface
temperature trends were not correlated to lati-
tudinal shifts (P = 0.75, * = 0.02; without the
Gulf of Mexico, P=0.53, 1 = 0.08). However,
assemblages that experienced increasing surface
temperatures tended to shift deeper, away from
warming waters (= 0.80, P = 0.0028, n = 8 re-
gions; Fig. 2D and fig. S5). Depth shifts were
not related to bottom temperature changes (+° =
0.12, P = 0.36). These relationships concern
whole assemblages, not individual taxa. Indi-
vidual shifts were weakly correlated to changes
in average regional temperature (latitude versus
bottom temperature without the Gulf of Mexico:
P=0.0013, 7 = 0.022, n = 474 taxa; depth ver-
sus surface temperature: P <0.0001, Pl = 0.05,
n =497 taxa).

Although regional patterns can be inform-
ative, they do not reveal the extent to which
individual taxa follow local variation in climate
velocities. Climate velocities are often calculated
for grid cells (16, 17), but taxon distributions are
irregular and a taxon-specific version of climate
velocity is needed that averages velocities across
species’ ranges. We therefore used survey data
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Fig. 1. Shifts in the distribution of marine taxa. (A) Vectors show the
average shift in latitude and longitude for each taxon (colors) and the mean
shift in each region (black). Insets show the mean (black), maximum (blue),
and minimum (red) latitude of detection for Pacific cod (Gadus macrocephalus)
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in the Gulf of Alaska, big skate (Raja binoculata) on the U.S. West Coast, and
American lobster (Homarus americanus) in the Northeast. Gray dashed lines in
insets indicate the range of surveyed latitudes. Detailed views are also shown
of (B) the Eastern Bering Sea, (C) the Gulf of Mexico, and (D) Newfoundland.
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to calculate the temperature range inhabited by
each taxon and measured taxon-specific climate
velocity as the rate and direction that these
temperatures shifted across the landscape (20).
We found considerable spatial variation in cli-
mate velocities (Fig. 3). The taxa also showed
considerable heterogeneity: 46% shifted south
and 58% shifted shallower (Figs. 1 and 3 and figs.
S5 and S6).

Such heterogeneity among taxa, however, was
not random. Instead, differences in climate veloc-
ity explained much of the variation in the rate
and direction of latitudinal range shifts (> = 0.38,
P < 0.0001, n = 325 taxa; Fig. 3A). The rela-
tionship remained significant if random effects
for region were included (P < 0.0001) or if we
used bootstrap resampling to generate a null
distribution of correlations (P = 0.019) (20).
Across all taxa, 74% shifted latitude in the same
direction as climate velocity, and 70% shifted
depth in the same direction. This explanatory
power was equally high for “non-intuitive” shifts

that deviate from the poleward-and-deeper pat-
tern: 73% of shifts to lower latitudes and 75%
of shifts toward shallower water were explained
by climate velocity.

To estimate whether taxa were shifting faster
or slower than climate velocity, we measured
the bias [in degrees north (°N) per year] as well
as relative bias between taxon-specific velocities
and observations (20). However, we found that
taxa on average do not lag (bias: P = 0.13,
mean = 0.003 °N/year; relative bias: P = 0.39,
mean = 4.68).

Climate velocity can also be projected across
depth, and we found evidence that climate ve-
locities can explain variation in the rate and
direction that taxa shifted shallower or deeper
(? =0.13, P < 0.0001, n = 325 taxa; Fig. 3B
and fig. S7). Depth biases were not significant-
ly different from zero (bias: P = 0.60, mean =
—0.040 m/year; relative bias: P=0.49, mean =
3.8), again indicating little to no lag in species
response to changing climate.
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There was little evidence that other factors
could explain variation in the speed and direction
of taxon shifts. For example, adding survey and
species characteristics to a multiple regression
model only increased the explained variance in
species shifts for all taxa from 38% (model with
climate velocity as the only explanatory variable)
to 42% (full model with all variables), or from 36
to 45% for fish (Table 1 and table S5). Survey
and species characteristics, however, may be more
likely to influence the speed (absolute value of
°N/year) rather than the combined speed and
direction of observed shifts. Higher relative var-
iable importance (RVI) for survey extent and
duration, as well as for climate velocity (table
S4), suggested that the most rapidly shifting
species might not appear in our analysis be-
cause they left the survey area. There was also
limited evidence that invertebrates, commercially
fished taxa, pelagic taxa, taxa with declining
biomass, fish with small ranges, fish higher in
the food chain, and large fish shifted faster
(tables S4 and S5). Such species characteristics,
however, explained at most 1.3% of the var-
iation in speed across all taxa (3.3% across all
fish), as compared to 18% for climate velocity
(or 20% across all fish). We conclude that var-
iation in the environment is a much more
powerful predictor of taxon shifts than varia-
tion in life history.

A previous study also found that species traits
had little power to explain distribution shifts, but
it did not examine climate velocities (/4). Like-
wise, climate heterogeneity has been connected
to the direction but not magnitude of shifts in
birds and fish (3, 3, 7, 13). Recognizing and
quantifying heterogeneity in climate velocities
across multiple scales may substantially improve
our ability to explain ecological changes and
project into the future. Our findings suggest that
bioclimate envelope methods are valuable (/9)
but can be improved by the use of fine-scale cli-
mate data.

Beyond climate velocity, other influences
on species shifts probably include species inter-
actions (/2), fisheries harvest, habitat, and species’
abilities to disperse and adapt (/4, 15). Release
from a poleward-shifting predator, for example,

Taxon shift (m/yr)

T T T T T
-2 0 2 4 6

Thermal envelope shift (m/yr)
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Table 1. Models explaining the direction and speed (°N/year) of lat-
itudinal shifts in taxon distributions. Models were fit to data either for all
taxa (top section, n = 325 taxa) or for fish alone (bottom section, n = 199 taxa).
RVI ranks all explanatory variables from high to low importance. The model
coefficients associated with each variable are shown for the most parsimonious
model with the lowest Akaike information criterion (AIC) value (best model); a
model with all factors retained (full model); a multimodel average (model

average); and models with only climate velocity, only survey characteristics
(survey char.), or only species characteristics (species char.) retained as ex-
planatory variables. The AAIC indicates the difference in model parsimony as
explained by AIC relative to the best model; a AAIC value <10 indicates higher
support for a model. Values of r* and Akaike weight for each model are also
shown. RVI and Akaike weights were calculated across all possible models (128
for all taxa, 1024 for fish alone).

Variable RVI Best model Full model Model average Climate velocity Survey char. Species char.
All taxa

Climate velocity 1 0.92 0.87 0.9 0.96

Survey extent 0.505 0.00093 0.00044 0.005

Survey duration 0.3 0.00015 1.80 x 10~° 0.0012

Fish/invert. 0.796 0.011 0.0098 0.0084 0.02

Unfished/fished 0.848 —0.0087 —0.0085 —0.0079 —0.0099

Pelagic/demersal 0.776 0.016 0.014 0.012 0.024

Biomass trend 0.45 0.0048 0.0023 0.0056

AAIC 0 2.52 11.1 127 145

r? 0.41 0.42 0.38 0.12 0.081

Akaike weight 0.11 0.03 0.00041 3.50 x 107° 2.90 x 10733

Fish

Climate velocity 1 0.76 0.77 0.78 0.93

Survey extent 0.838 0.0023 0.0017 0.0018 0.0063

Survey duration 0.42 —0.00041 —0.00021 0.00074

Growth rate 0.3 —0.0016 —0.00066 -0.0091

Unfished/fished 0.41 —0.0068 —0.0028 -0.0025

Pelagic/demersal 0.947 0.028 0.023 0.025 0.041

Range size 0.286 3.70 x 10~ 1.30 x 10 0.00013

Biomass trend 0.344 0.0034 0.0013 0.0046

Trophic level 0.356 —0.0061 —0.0022 —-0.005

Maximum length 0.956 0.014 0.014 0.014 0.013

AAIC 0 8.63 20.4 72.1 95.9

r? 0.44 0.45 0.36 0.18 0.13

Akaike weight 0.071 0.00095 2.60 x 107° 1.50 x 107" 1.10 x 107

could drive a prey’s range centroid toward lower

subject to the physiological constraints imposed
by thermal conditions.
We find that marine taxa follow climate ve-
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