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remembering the output from the previous
processing step and using it as input for the
next, the authors used a network involving
feedback loops. They trained the network
using simulations of pathways taken by
foraging rodents. The system received infor-
mation about the simulated rodent’s linear and
angular velocity, and about the simulated
activity of place and head-direction cells — the
latter two acting as an ‘oracle’ for the current
location and head direction of the rodent.
The authors found that patterns of activity
resembling grid cells spontaneously emerged
in computational units in an intermediate layer
of the network during training, even though
nothing in the network or the training proto-
col explicitly imposed this type of pattern. The
emergence of grid-like units is an impressive
example of deep learning doing what it does
best: inventing an original, often unpredicted
internal representation to help solve a task.
Grid-like units allow the network to keep
track of position on the basis of path integra-
tion. Can they also help the system to learn to
navigate efficiently from its current position
to a goal location? To address this question,
Banino et al. added a reinforcement-learning
component, in which the network learned to
assign values to specific actions taken at spe-
cific locations. Higher values were assigned
to actions that brought the simulated rodent
closer to the goal, acting as a reward. The grid-
like representation markedly improved the
ability of the network to solve goal-directed
tasks, compared to control simulations in
which the start and goal locations were
encoded instead by place and head-direction
cells. The trained network found smarter
shortcuts when obstacles such as closed doors
were removed (Fig. 1), and even extrapolated
paths towards goals in a previously unexplored
annex of a familiar environment. These results
support the idea that grid cells enable the brain
to perform vector calculations (calculations
about the length and direction of a path) to
assist path planning through compartmental-
ized® or previously unexplored’ environments.
In the future, the authors’ network could
be used to explore the consequences of inter-
actions between grid and place cells. In the
current network, the simulated place layer does
not change during training. However, in the
brain, grid and place cells influence each other
in ways that are not well understood. Although
real-life place cells can remain spatially selec-
tive in the absence of grid-cell inputs®, these
inputs seem important when an animal is far
from external landmarks that can be used to
define locations’ ™. Under these conditions,
place cells presumably rely on path integration
and grid cells to maintain an accurate estimate
of position. By developing the network such
that the place-cell layer can be modulated by
grid-like inputs, we could begin to unpack this
relationship.
From a broader perspective, it is interesting
that the network, starting from very general
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computational assumptions that do not take
into account specific biological mechanisms,
found a solution to path integration that seems
similar to the brain’s. That the network con-
verged on such a solution is compelling evi-
dence that there is something special about
grid cells’ activity patterns that supports path
integration. The black-box character of deep-
learning systems, however, means that it might
be hard to determine what that something is.

Likewise, the fact that the grid representa-
tion enhanced goal-directed performanceisa
compelling proof-of-concept of the role of grid
cells in the brain. But the authors had to use
correlational analyses, guided by qualitative
intuitions, to indirectly infer that the network
was making vector calculations. The inability
to directly manipulate these calculations in the
model makes it difficult to examine the com-
putational principles, algorithms and encoding
strategies that make grid-cell representations
of space such an efficient solution for naviga-
tion. As such, the theoretician ends up in the
same quandary as the experimentalist: trying
to tease apart a poorly understood complex
system to understand it. Making deep-learning
systems more intelligible to human reasoning
is an exciting challenge for the future. m
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Climate change and
oxygen in the ocean

Computer simulations show that areas of the ocean that have low levels of
dissolved oxygen will expand, but then shrink, in response to global warming —
adding to an emerging picture of the finely balanced processes involved.

LAURE RESPLANDY

lobal warming has reduced the amount
Gof dissolved oxygen in the ocean by 2%
since 1960 (ref. 1). A major concern is
that the rate of loss of dissolved oxygen has
already increased by up to 20% in tropical
waters, expanding the volume of regions called
oxygen minimum zones (OMZs), where lev-
els of dissolved oxygen are already very low™’.
The expansion of tropical OMZs threatens the
survival of marine organisms that rely on dis-
solved oxygen for respiration, and affects the
biogeochemical cycling of carbon and nitro-
gen, potentially amplifying global warming®.
Writing in Global Biogeochemical Cycles, Fu
et al.” suggest that, in the long term, tropical
OMZs might shrink after their initial expan-
sion, reversing their impact on warming.
Although, overall, tropical oceans have lost
dissolved oxygen in the past 50 years, obser-
vations indicate strong regional and temporal
variations. For example, OMZs have clearly

expanded since the 1970s in the equatorial
Pacific and Atlantic oceans>®, but a long-term
reconstruction’ of the OMZ close to the Cali-
fornian and Mexican coasts suggests that it had
been shrinking for a century before it started
to expand in the 1990s. In the Indian Ocean,
the northern part of the OMZ is shrinking,
whereas the southern part is expanding®.
Three competing processes control the levels
of dissolved oxygen in the ocean. The first
is the transfer of atmospheric oxygen to the
surface ocean (which, in turn, is tied to oxy-
gen solubility, the capacity of the water to
hold on to dissolved oxygen). The second is
ocean circulation (ventilation), which carries
the oxygen-rich surface waters to the ocean
interior. And, finally, there is the biological
respiration of dissolved oxygen, the process
by which microorganisms consume organic
matter produced at the surface as it sinks
to the deep ocean. OMZs develop in tropi-
cal intermediate waters (those at depths of
200-1,000 metres) because the physical supply
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of oxygen is low, but the biological

As the ocean warms, the solubility
of oxygen within it declines, and ver-
tical stratification — the formation of
distinct layers of water — increases,
limiting the exchange of oxygen
between surface and intermedi-
ate waters. Together, these changes
reduce the supply of oxygen to the
ocean interior and expand OMZs.
Increased stratification also reduces

Oxygen concentration (M)

waters, limits biomass production’
and reduces the export of organic
matter to the deep ocean. This
biological effect lowers the demand
for oxygen in underlying waters and
reduces the volume of OMZs. In
addition, local changes in ventila-

Volume of OMZ (10'* m?)

tion in OMZs can act to shrink these 35

ZOHCS5'10.

Globally, the direct effect of
declining solubility explains half of
the observed loss of oxygen in the
upper 1,000 m of the ocean, and a
combination of biological and venti-
lation effects accounts for the other
half". In tropical OMZs, however, the
balance between these processes is
more subtle and the relative contribu-
tions harder to tease out". Numerical
models of Earth systems can provide
amechanistic understanding of these
past changes in oxygen and why they
vary in space, and can inform us
about changes to expect in the future.

Fu and colleagues used long-term
simulations of the Earth system to
reproduce the observed historical decline in
dissolved-oxygen levels in the tropical ocean,
and to project the evolution of OMZs between
the twenty-first and twenty-third centuries
(Fig. 1). In their model, the volume of OMZs
initially expands, then levels off around the
year 2150, and finally shrinks until 2300. The
authors also introduce a modelling framework
that can disentangle the contributions to this
pattern that are made by solubility, ventila-
tion and the reduction in biological export
and respiration. In their model, the shift from
OMZ expansion to contraction occurs when
the biological effects become more prominent
than the solubility effect, in 2150. Ventilation
further tips this balance, as it switches from an
initial slowdown that reinforces the expansion
effect of solubility before 2150, to a reinvig-
oration that reinforces the OMZ contraction
controlled by biological effects after 2150.

The findings suggest that about half of the
OMZ expansion that occurred between 1900
and 2150 could be reversed by the year 2300.
Moreover, the core of the OMZ (the region
that has the lowest levels of dissolved oxygen)
might contract to become smaller than it was
in pre-industrial times, and could possibly act
as a negative climate feedback that dampens
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vary by a factor of two between
models’®. These differences, even
when small, can tip the balance of
oxygen levels in OMZs, shifting them
from expansion to contraction.
The challenge now is to
constrain this subtle balance and
the possible shifts in OMZ volume
not only in time, as Fu et al. have
done, but also between regions.

T
1900 2000 2100 2200

For example, reduced biological
export and consumption of oxygen
is likely to have driven the OMZ
contraction reported along the
Californian and Mexican coasts’,
whereas weakening ventilation
probably underlies the OMZ
expansion in the equatorial Pacific.
Other factors, such as the supply of
nutrients from anthropogenic aero-
sols, winds or ocean acidification,

)
2300

T T
2100 2200
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Figure 1 | Projections of oxygen concentrations and volumes
of oxygen minimum zones (OMZs)in tropical seas. a, Fuetal’
have used computer simulations of the Earth system to reproduce

the observed historical decline in dissolved-oxygen concentrations
(measured in micromoles per litre) in tropical-ocean intermediate
waters (which occur at latitudes between 30° N and 30° S at depths of
200-1,000 metres), and to project how such oxygen levels might vary
between the twenty-first and twenty-third centuries. The simulations
suggest that oxygen levels will decline until about 2150, level off and
then increase until 2300. b, The authors also simulate changes in the
volume of oxygen minimum zones — ocean regions where dissolved-
oxygen levels are less than 20 uM. The volume mirrors the pattern
shown in a. However, the factors that contribute to the simulated
changes are finely balanced.

global warming. The formation of a smaller
OMZ core would certainly limit the produc-
tion of nitrous oxide'*, a powerful greenhouse
gas, and limit the consumption of nitrate
nutrients for respiration, which in turn could
boost the efficiency of the ocean’s biological
carbon sink".

Fu and co-workers’ study highlights the
extreme sensitivity of OMZs to biological
and physical changes, and the difficulty of
quantifying and anticipating these changes.
Different Earth-system models currently
project dramatically different changes in
OMZ volume (ranging from —2% to +16% by
2100)"*. So how much confidence can we have
in OMZ projections?

In fact, Earth-system models agree on many
aspects of future OMZs. Modelled changes in
oxygen solubility are relatively well constrained
and are tied to surface warming'*". The reduc-
tion in biological export identified by Fu et al.
is robustly produced by other models'"**, and
most models also project a strengthening of
the ventilation in tropical OMZs'®. Uncertain-
ties arise from the differences in the magnitude
and timing of these changes. Simulated reduc-
tions in biological export by 2100 vary between
1% and 40%"°, and changes in ventilation can

could also locally offset the effects of
changes in solubility and stratifica-
tion"”. OMZ climate feedbacks — the
reinforcing or dampening of climate
change by OMZs — are tied to global
OMZ volume, but establishing local
OMZ responses will be crucial if we
are to assess the impacts on ecosys-
tems and ecosystem services, such as
fisheries. m

)
2300

Laure Resplandy is in the
Department of Geosciences,
Princeton Environmental Institute,
Princeton University, Princeton,
New Jersey 085443, USA.

e-mail: laurer@princeton.edu

1. Schmidtko, S., Stramma, L. & Visbeck, M. Nature
542,335-339 (2017).

2. Levin, L. A. Annu. Rev. Mar. Sci. 10, 229-260 (2018).

3. Stramma, L., Johnson, G. C., Sprintall, J. &
Mohrholz, V. Science 320, 655-658 (2008).

4. Keeling, R. F,, Kortzinger, A. & Gruber, N. Annu. Rev.
Mar. Sci. 2, 199-229 (2010).

5. Fu, W, Primeau, F,, Moore, J. K, Lindsay, K. &
Randerson, J. T. Glob. Biogeochem. Cycles 32,
https://doi.org/10.1002/2017GB005788 (2018).

6. Brandt, P. et al. J. Phys. Oceanogr. 40, 1784-1801
(2010).

7. Deutsch, C. et al. Science 345, 665-668 (2014).

8. Banse, K., Naqgvi, S. W. A, Narvekar, P. V., Postel, J. R.
& Jayakumar, D. A. Biogeosciences 11, 2237-2261
(2014).

9. Behrenfeld, M. J. Nature Clim. Change 4, 880-887
(2014).

10.Gnanadesikan, A, Russell, J. L. & Zeng, F. Ocean Sci.
3,43-53(2007).

11.Cabré, A, Marinoy, |, Bernardello, R. & Bianchi, D.
Biogeosciences 12, 5429-5454 (2015).

12.Babbin, A. R,, Bianchi, D., Jayakumar, A. & Ward, B. B.
Science 348,1127-1129 (2015).

13.Gruber, N. in The Ocean Carbon Cycle and Climate
(eds Follows, M. & Oguz, T.) 97-148 (Springer, 2004).

14.Bopp, L. et al. Biogeosciences 10, 6225-6245 (2013).

15.Bopp, L., Resplandy, L., Untersee, A, Le Mezo, P. &
Kageyama, M. Phil. Trans. R. Soc. A 375, 20160323
(2017).

16.Shigemitsu, M., Yamamoto, A, Oka, A. & Yamanaka, Y.
Glob. Biogeochem. Cycles 31, 804-820 (2017).

17.0schlies, A. et al. Phil. Trans. R. Soc. A. 375,
20160325 (2017).

This article was published online on 9 May 2018.

17 MAY 2018 | VOL 557 | NATURE | 315

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.





