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Intensification of open-ocean oxygen depletion by
vertically migrating animals
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Throughout the ocean, countless small animals swim to
depth in the daytime, presumably to seek refuge from large
predators1,2. These animals return to the surface at night to
feed1,2. This substantial diel vertical migration can result in
the transfer of significant amounts of carbon and nutrients
from the surface to depth3–7. However, its consequences on
ocean chemistry at the global scale have remained uncertain8,9.
Here, we determine the depths of these diel migrations in the
global ocean using a global array of backscatter data from
acoustic Doppler current profilers, collected between 1990
and 2011. We show that the depth of diel migration follows
coherent large-scale patterns. We find that migration depth
is greater where subsurface oxygen concentrations are high,
such that seawater oxygen concentration is the best single
predictor of migration depth at the global scale. In oxygen
minimum zone areas, migratory animals generally descend as
far as the upper margins of the low-oxygen waters. Using an
ocean biogeochemical model coupled to a general circulation
model, we show that by focusing oxygen consumption in
poorly ventilated regions of the upper ocean, diel vertical
migration intensifies oxygen depletion in the upper margin of
oxygen minimum zones. We suggest that future changes in
the extent of oxygen minimum zones could alter the migratory
depths of marine organisms, with consequences for marine
biogeochemistry, food webs and fisheries.

The concentrations of dissolved oxygen in the ocean are
determined by the interplay of the three-dimensional circulation
and a wide range of ecosystem processes. The complexity of the
marine ecosystem is overwhelmingly evident from the vast diversity
of oceanic life, but this complexity must be greatly idealized in
any attempt to quantify its role in ocean biogeochemistry. Among
the typical simplifications of ocean biogeochemistry models, the
respiration of organicmatter in the subsurface is generally treated as
the work of ubiquitous microbes feeding on organic particles that
settle passively through the water column, ignoring the potential
role of animals in the transport and respiration of organic matter.
However, the biomass of animals is large (>2.5 Pg; ref. 10),
comparable to that of phytoplankton, and their motility makes
their effect potentially very different from that of passive microbes.
Although animals exhibit a daunting array of behaviours in the
marine environment, many of which remain poorly understood, a
commonobserved behaviour is the diel verticalmigration (DVM).

The pervasive occurrence of DVM has long been recognized by
the oceanographic community. Increased night-time catches near
the surface became evident in oceanographic surveys of the early
twentieth century and provided the first documented evidence of
DVM (ref. 11). Extensive acoustic surveys subsequently revealed
sound scattering layers that migrated on a diurnal basis between
the surface andmid-depths1,12, and it became clear thatmesopelagic
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fish of themyctophid familywere responsible formuch of the sound
scattering, because of their abundance and the acoustic properties
of their gas bladders13. However, the dominance of myctophids
in producing the acoustic signal does not mean that they travel
alone; detailed in situ sampling has shown very close association of
a variety of taxa within or around the depths of the scattering layers,
including siphonophores, cephalopods, copepods, euphausiids and
salps1,2,5,13–16. Presumably, many migrators benefit from reduced
visual predation in the dark mesopelagic ocean, compensating for
the energetic costs ofmigrations over distances that can exceed their
body length by 5 orders of magnitude17.

Despite the long history of DVM studies, there have been few
efforts to quantify the role of DVM in global-scale biogeochemical
cycling3,9. Studies at individual sites suggest that the active transport
of organic matter by mesozooplankton and micronekton that
feed at the surface but metabolize and excrete at depth, ranges
typically between around 10–50%of the local sinking flux of organic
particles3–7 (see also Supplementary Table S1). However, evaluating
the global biogeochemical impact of DVM requires taking ocean
circulation into account; oxygen losses from respiring migrators
in well-ventilated waters will be quickly erased, whereas oxygen
losses in stagnant corners of the ocean will accumulate. The depth
to which migrators swim would be expected to play a key role
in determining the biogeochemical impact of migration because
the rate of ocean ventilation decreases rapidly with depth—but
there have been no previous attempts to predict daytime migration
depths at the global scale.

To develop a global view of daytime DVM depths, we analysed
acoustic Doppler current profiler (ADCP) measurements from
389 cruises conducted between 1990 and 2011 (Methods). These
acoustic data typically show periodic migrations from the surface
to depths of 200–650 m before sunrise, little change through the
daytime, and reverse migrations before sunset (Fig. 1). Despite
including data from different seasons over a time span of two
decades, the distribution of daytime DVM depths derived from
the acoustic data (Fig. 2) reveals remarkably coherent patterns.
Daytime DVM depths of up to 650m are observed in the central
regions of the subtropical gyres, whereas daytime DVM depths as
shallow as 200m are found in the North Pacific subpolar gyre,
the Eastern Tropical Pacific, the Northern Indian Ocean and the
high-latitude North Atlantic, consistent with local acoustic surveys
and in situ biomass measurements5,13,15,16,18.

The coherency of these regional patterns suggests that the
oceanic environment exerts a strong control on DVMs, either
by directly modulating their daytime depths, or by changing
the composition of migratory populations, which in turn affects
migration depths. It has long been argued that light regulates DVM
(ref. 11) either by setting a preferred isolume that guides organisms
during migrations or triggering migrations through changes
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Figure 1 |Vertical migration as observed with acoustic data. Time series of
ADCP echo intensities (colour contours, decibel) and daytime DVM depths
(symbols) for the Japanese cruise KY0312 in the western equatorial Pacific
Ocean (five days, between 5 and 9 November 2003; 146.2� W, 8.8� N to
147.0� W, 2. 5� N). The echo intensity has been corrected by subtracting
the lowest 10% of data. The black dashed line shows the local Sun elevation
angle (�). The pink squares, green diamonds and black dots indicate
respectively: the daytime DVM depth estimated from day-to-night
maximum echo intensity change, the daytime DVM depth estimated from
the daytime maximum subsurface backscatter, and the average of the two
(see Methods). Note that �90 on the x axis refers to both Sun angle (�)
and depth (m).

in irradiance, or through combinations of both mechanisms19.
However, when we compare the observed pattern of daytime DVM
depths to calculated subsurface light intensities, we find only a
weak relationship at the global scale (Supplementary Information
and Figs S4 and S5). Instead, we find the strongest correlation
between daytime DVMdepths and oxygen concentrations, whether
by comparison with the average oxygen concentration in the
upper mesopelagic zone (150–500m, R2 = 0.37, p < 0.01) or
with the oxygen gradient between the surface (0–25m) and
the upper mesopelagic zone (R2 = 0.45, p < 0.01). Where the
major oxygen minimum zones occur, migrators penetrate into the
oxygen minima, where they remain during daytime, in many cases
reaching their cores (Supplementary Fig. S7), in agreement with
previous local studies13,15,16. This observation is consistent with the
hypothesis that low oxygen concentrations provide a refuge from
large visual predators5,20, which are generally vigorous swimmers

with larger body sizes and higher oxygen requirements than their
prey20,21. It would follow from this hypothesis that in many regions
where no oxygen minimum zone occurs, vertical migrators must
head to greater depths to find refuge from predators. Regular night-
time migrations back to the surface would not only allow feeding
while minimizing predatory pressure, but would also replenish
any oxygen debt developed during the diurnal stay in deeper,
oxygen-depleted waters20.

Although oxygen distribution explains the largest single fraction
of the variance in the observed daytime DVM depths, a stepwise
linear regression that also includes surface chlorophyll, mixed-layer
depths and temperature gradients provides an even better predic-
tion (R2 = 0.60, p < 0.01, Methods). The statistical relationship
between the depth of DVM and environmental variables provides a
means by which to assess the global biogeochemical role of DVM.
To simultaneously account for the effects of respiration ofmigrators
and ocean circulation, we use a prognostic ocean ecosystem model
coupled to a general circulation model22. In the model, organic
matter, produced by photosynthesis as a function of light, tempera-
ture and nutrients, is partitioned between dissolved and particulate
organic matter. In the control simulation, the sinking particle flux
is respired according to a simple power-law profile23. To elucidate
the primary biogeochemical changes due to vertical migrations, we
apportion a fraction of the particulate organic matter production
to active transport by migrators (Methods). We then distribute the
migratory respiration between the surface and the vicinity of the
daytime DVMdepth, in proportion to an estimate of the time spent
at each depth (Methods). Given the uncertainty in the fraction
of export production due to migrating animals, we varied the
global active-export fraction across the range of values suggested
by observations3–7 (see also Supplementary Table S1). Although
it is likely that the active DVM export fraction varies regionally,
the constant value here provides a useful first estimate. The results
show an approximately linear relationship between the active
export fraction and the amount of oxygen consumed by migrators
(Methods), which allows us to present the consumption of oxygen
as a function of the active export fraction, shown in Fig. 3.

Effectively, active DVM transport extracts a small fraction of
organic matter from the well-ventilated and productive surface
ocean, and focuses its respiration at generally poorly ventilated
depths (Fig. 3). Thus, the impact of the active export fraction
is strongly amplified at the migration depth, to represent a
surprisingly large fraction of the oxygen consumption near that
depth. For example, DVM export fractions of 10–30% predict
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Figure 2 |Observed daytime DVM depths (m) and surface to mesopelagic oxygen gradients (mmolm�3). Map of daytime DVM depths (colours) from
acoustic data averaged on 4� ⇥4� areas, and surface (0–25 m) to upper mesopelagic zone (150–500 m) oxygen difference (contours). Shallowest
migrations are shown in red, deepest migrations in blue. Large surface to mid-depth oxygen gradients are observed on top of the major open ocean oxygen
minimum zones. Linear correlation with surface to mid-depth oxygen gradients alone explains 45% of the DVM depth variance (see Methods).
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Figure 3 | Simulated impact of DVM respiration on dissolved oxygen. Colour shadings show the modelled oxygen utilization due to DVM for every 1% of
export by DVM relative to particle export, expressed in mmol m�3 %�1. For example, given a global DVM export fraction of 10%, the deepest blue
indicates an oxygen utilization of 40 mmol m�3. Solid contours show the modelled total oxygen utilization (mmol m�3). a, Zonal average. The grey dashed
line indicates the mean daytime DVM depth in the model. b, Average over the upper mesopelagic zone (150–500 m).

oxygen utilizations by migrating organisms of 15–46mmolm�3,
averaged globally over the upper mesopelagic zone (150–500m).
This is equivalent to 17–75% of the oxygen utilization due to
passive export in that depth range. The DVM oxygen depletion is
particularly significant in the upper layers of the oxygen minimum
zones of the ocean thermocline (Fig. 3). These oxygen-depleted
waters host hypoxic and suboxic cores24 that aerobic migrators
must either avoid, or enter while temporarily relying on metabolic
adaptations to low oxygen levels20,25. In either case, the aerobic
demand of the migrators would be focused on the hypoxic and
suboxic upper margins of the oxygen minimum zone, exerting an
important control on oxygen depletion there.

The strong influence of DVM on oxygen minimum zones is
particularly intriguing given the observed correlation between
oxygen minimum zones and vertical migrations. The oxygen
drawdown induced by DVM, although significant, is not enough
to produce the oxygen minimum zones ab initio—the locations of
the main oxygen minima are determined by the large-scale ocean
circulation26. However, the respiration by small, hypoxia-tolerant
animals undergoingDVM seems to be important in establishing the
geometry and intensity of oxygen minimum zones. The possibility
of feedbacks between DVM and oxygen minima, through their po-
tential role as refuges frompredators20,21, deserves further attention.

Our findings show a coupling betweenmigratingmarine animals
and oxygen distribution in the ocean. Furthermore, they indicate
that the role of DVM in subsurface oxygen consumption is of
first-order importance, particularly in poorly ventilated regions
of the upper ocean. Further quantifications of this coupling will

require new observational constraints on the partitioning of export
between active migrators and passive sinking, the role of animals
on particle dynamics, particularly in the mesopelagic ecosystem8,9,
the dependence of animal metabolism on dissolved oxygen20,25,
and the rates of animal respiration within oxygen minima6. Such
constraints are critical given predictions of widespread ocean
deoxygenation in response to anthropogenic climate change27.
Expansions of oxygen minimum zones could alter the patterns of
DVM through changes in migrating organisms’ habitat and migra-
tory depths, with implications for marine food webs and fisheries21.
Conversely, changes in the abundance of vertical migrators28 that
may be attributable to natural fluctuations, climate change or the
removal of animal species by fisheries have the potential to affect
ocean biogeochemistry in previously unforeseen ways.

Methods
Analysis of daytime DVM depths. We analysed 389 cruises out of 1,455 cruises
from the US National Oceanic Data Center Joint Archive for Shipboard ADCP
and from the British Oceanographic Data Center. We included cruises in which
the temporal and vertical resolution of the ADCP data allowed for the detection of
one or more DVM events, and focused on migrations that reached the mesopelagic
domain, thus excludingDVMmigrations shallower than approximately 150–200m.
The ADCP frequencies in the data set, ranging between 38 and 150 kHz, are able to
reveal scattering layers composed by millimetre- to centimeter-scale zooplankton
and micronekton15,16. Although the composition of the sound scattering layers
cannot be univocally determined by ADCP data, several empirical studies
have shown good correlations between backscatter intensities and zooplankton
and micronekton biomass15,16,29,30. For each DVM event (4,640 in total) we
estimated the daytime DVM depth from: the maximum subsurface day-to-night
echo intensity difference and the maximum subsurface daytime backscatter
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(Supplementary Information), focusing on the layer that returned the strongest
signal in the case of multiple scattering layers. The two methods provided identical
depths for 38% of the events, and depths differing by less than 50m for 80% of
the events (Supplementary Fig. S1). Some uncertainty in daytime DVM depth still
remains, due to the nature of the data and of the analysis. However, the DVM events
that show differences larger than 100m are only 7% of the total, a relatively minor
fraction that does not significantly impact our results. Whenever both methods
provided a valid daytime DVM depth, the average was taken. Migration depths
were averaged over 4� ⇥4� areas to generate themap in Fig. 2.

Regression between oceanographic properties andDVMdepth. We developed an
empirical predictive model for daytime DVM depths (ZDVM, m) based on a stepwise
multiple linear regression with environmental variables. We obtained a good fit
to the data (R2 = 0.60, p< 0.01, Supplementary Fig. S6) by using the following set
of predictors: oxygen and temperature gradients (1O2, mmolm�3, and 1T , �C)
between the surface (0–25m) and the uppermesopelagic zone (150–500m), log10 of
surface chlorophyll (Chl, mgm�3) andmixed-layer depth (mld, m). These variables
were sampled at the locations andmonths of eachDVMevent, using globalmonthly
climatological data sets (see references in the Supplementary Information). This
resulted in the following regression (factors listed in order of importance):

ZDVM = 398�0.56 ·1O2 �115 ·Log10(Chl)+0.36 ·mld�2.4 ·1T

Although more complex models can be devised, the simple linear regression was
sufficient to explain a large portion of the DVM patterns. Similar results can
be obtained using net primary production instead of chlorophyll. Here, we use
chlorophyll because worldwide estimates of net primary production and export
production are generally based on empirical relationships that rely on chlorophyll
and temperature observations. Physical and biogeochemical properties vary in
concert in the ocean and are not completely uncorrelated. However, within the
uncertainty bounds, we obtain the same coefficients after linear regularization of
the regression. Finally, we note that the use of climatological data can introduce
biases due to smoothing and interpolation artefacts, the effects of variability in
ocean circulation and biogeochemistry on multiple temporal and spatial scales, and
potential systematic errors in early measurements (for example, ref. 24). However,
the global-scale nature of the analysis, and the lack of exhaustive in situ data syn-
chronouswith theADCPmeasurements,motivated the use of global climatologies.

Ocean circulation–biogeochemistrymodel. We use the 3-degree GFDLMOM4p1
oceanmodel coupled with the BLINGv0 biogeochemistry model22. BLING includes
macronutrient, micronutrient and light limitation, and an implicit treatment of
ecosystem structure. Organic matter produced by photosynthesis is partitioned
between a dissolved pool, sinking particle and active DVM fluxes. We assume
that the DVM export is a constant fraction of the particle production, and vary
this fraction between 0 and 45%, spanning the range of observational estimates
(Supplementary Table S1). DVM export is remineralized with a profile centred
at the daytime DVM depth, calculated from model variables using the data-based
multiple linear regression (Supplementary Information and Figs S8 and S9).
Oxygen respiration is tied to phosphate remineralization through a stoichiometric
ratio of 150:1, and is set to zero at oxygen concentrations lower than 1.0mmolm�3.
The models were integrated for 1,500 years, and the last 100 years were analysed. In
the models, the oxygen utilization due to migrators shows an approximately linear
dependency with the active export fraction at any given location (Supplementary
Fig. S10). This result allows us to use the different model runs to calculate the slope
between the active export fraction and the oxygen utilization due to DVM, and
express it in units of millimoles per cubic metre for every 1% of export by DVM
relative to particle export, as shown in Fig. 3.
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Analysis of the ADCP and estimate of daytime DVM depths 

We analyzed 1455 cruises from the US National Oceanic Data Center Joint Archive for 

Shipboard Acoustic Doppler Current Profilers (ADCPs) and from the British Oceanographic 

Data Center. We selected 389 cruises that showed at least one detectable DVM event in the 

ADCP echo intensity  signal. Several cruises had to be excluded because they  did not allow for 

the detection of DVM  events, owing to a combination of reasons, including ADCP data (1) 

extending only few hundred meters deep, thus missing the lower parts of DVM  events; (2) 

having too many temporal gaps; (3) being too noisy; (4) having a large proportion of “bad” flags.

To focus on DVM  patterns that penetrated into the mesopelagic zone, we excluded 

migrations shallower than approximately 150-200 m. We excluded all data that were flagged as 

‘bad’, and  corrected echo intensities by subtracting the mean of the lowest 10% of the data from 

each profile to remove background noise.
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For each detectable DVM event (4640 in total) we estimated the daytime DVM depth 

from: (1) the maximum subsurface day-to-night echo intensity difference, and (2) the maximum 

subsurface daytime backscatter. In the first case we calculated the difference in ADCP echo 

intensity averaged over a 3-hour interval centered at the time of maximum solar elevation 

(midday) and the ADCP echo intensity averaged over a 3-hour interval centered at the time of 

minimum solar elevation (midnight) for the nights surrounding the DVM event. We then 

detected the depth of the maximum subsurface echo intensity difference. In the second case, we 

estimated the depth of the midday subsurface backscatter maximum. Backscatter was estimated 

from the ADCP echo intensity by correcting for both sound-wave spherical attenuation and water 

absorption using the formulation of ref. 1. The use of the two methods increased the number of 

records for which the daytime DVM depth could be isolated. Whenever both methods provided a 

valid daytime DVM depth, the average of the two values was taken. 

Overall, the two methods produced similar results (Fig. S1). The estimated daytime DVM 

depths are the same (within a 8 m bin depth resolution) for 38 % of the events, and differ by  less 

than 50 m for 80 % of the events. Only 7 % of the events showed depths differing by more than 

100 m. Some acoustic profiles are characterized by multiple scattering layers with daytime DVM 

depths generally less than 100 m apart. In the cases where multiple migrating sound scattering 

layers were present, we isolated the layer that returned the strongest backscatter signal.

The gridded dataset shown in Fig. 2 was generated by averaging the daytime DVM 

depths in 4° by  4° areas. Fig. S2 and S3 show the number of measurements and standard 

deviations of the gridded data in each box.

Relationship between light and daytime DVM depths

2
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We estimate the ability of water column light  intensity to predict  daytime DVM depths by 

calculating the peak irradiance in the water column from observed surface shortwave radiation, 

climatological profiles of chlorophyll 2, and chlorophyll-dependent light absorption 3,4.

We calculated the light levels and isolume depths at the time and locations of the DVM 

records by combining daytime surface shortwave radiation from the NOAA Climate Forecast 

System Reanalysis and chlorophyll-dependent light attenuation coefficients. Chlorophyll profiles 

were determined using the parameterization of ref.2 forced with climatological surface 

chlorophyll from NASA Goddard Center SeaWiFS data, and climatological mixed layer depths5. 

We used the light attenuation scheme of ref. 3 for the full shortwave spectrum, and the light 

attenuation scheme of ref. 4 for selected shortwave bands in the 400-500 nm range, 

corresponding to the deepest light penetration in the ocean, and the maximum zooplankton and 

micronekton vision sensitivities6.

According to the isolume hypothesis7, DVM  daytime depth should correspond to a small 

range of light intensities. However, the maximum light intensity  over the visible spectrum at the 

daytime DVM depths varies between 10-7 and 10-2 W m-2 (mean Log10 of the irradiance in W m-2 

of -4.0 ± 0.8, Fig. S4). This wide range of light intensities at the daytime DVM  depths (Fig. S4) 

does not support  the existence of a single global isolume determining the depth of migrations. 

However, it  is possible that that light cues are modulated, worldwide, by additional 

environmental factors, or that  distinct  populations of migrating organisms respond differently to 

light stimuli, so that distinct isolumes control migrations in different oceanographic provinces.

At the global scale, the depth of the mean global isolume (10-4 W m-2) shows a poor 

ability  in predicting the daytime DVM  depths (R2 = 0.20, p < 0.01, Fig. S5). Although some of 
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the features of the daytime DVM depths are mirrored by global isolume depths, for example 

deepening towards the central subtropical gyres, and shallowing towards polar and upwelling 

regions, isolume depths underestimate the magnitude of DVM depth excursions between such 

regions. Vertical migrations tend to be deeper than the mean global isolume in the subtropical 

gyres and in the high latitude South Pacific, and shallower in the Indian Ocean, Eastern Tropical 

Pacific, and Subarctic Pacific. Similar results hold for wavelength-dependent global isolumes. 

Regression between oceanographic property and DVM depth

We tested the ability  of different oceanographic variables in predicting daytime DVM 

depths. Of all the variables considered, the largest significant correlations to daytime DVM 

depths were found for oxygen, chlorophyll and mixed layer depths. Shallower migrations where 

observed in regions characterized by lower subsurface oxygen, higher surface chlorophyll and 

shallower mixed layer depths. A stepwise multiple linear regression also included temperature as 

a significant predictor. We chose to use the differences between surface and mid-depth oxygen 

and temperature as predictors in order to represent the range of conditions that migrators 

experience throughout each DVM cycle. We obtained analogous results, with slightly smaller 

correlation coefficients, when we used the absolute values of oxygen and temperature instead of 

surface to mid-depth differences. We used climatological data to calculate the oxygen and 

temperature differences between 0 - 25 m and 150 - 500 m depth (

€ 

ΔO2, mmol m-3, and 

€ 

ΔT , °C), 

the Log10 of surface chlorophyll (

€ 

Chl, mg m-3) and mixed layer depths (mld, m) at the months 

and locations of the DVM  records. We used monthly climatological oxygen and temperature 

from the NODC World Ocean Atlas Dataset 2005; monthly climatological chlorophyll from 

4
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NASA Goddard Center SeaWiFS data, and monthly climatological mixed layer depths from ref. 

5. The resulting daytime DVM depth (m) from a stepwise multiple linear regression is:

with the following 95 % confidence intervals for each term respectively: 391, 405; -0.59, -0.53; 

-121, -108; 0.31, 0.42; -2.7,  -2.1. The root mean square error of the regression is 53 m.

Although more complex models can be designed, a linear regression showed to be 

sufficient to explain a large proportion of the DVM  patterns (R2 = 0.60, p < 0.01, Fig. S6). 

Similar results can be obtained using net primary  production (NPP) or export production instead 

of chlorophyll. However, we chose to use chlorophyll alone because large-scale observational 

datasets of NPP and export production are based on empirical relationships that use satellite 

chlorophyll and temperature observations (e.g. Dunne et al., 2007 and references therein), and 

thus do not represent truly independent variables. Physical and biogeochemical properties vary  in 

concert in the ocean and are not completely  uncorrelated. However, within the uncertainty 

bounds, we obtained the same regression coefficients after linear regularization of the regression.

Diel vertical migrations and oxygen profiles

The global analysis in Fig. 1, and the results from the multiple linear regression analysis show 

shallow migrations in the major open ocean OMZs, to depths that correspond to hypoxic and 

suboxic concentrations, and deeper migrations in well oxygenated waters. Inspection of DVM 

depths in relation to oxygen profiles (Fig. S7) indicates that in regions where oxygen minima are 

present, migrators reach well within the hypoxic (O2<60 mmol m-3) and, where present, suboxic 

(O2<5 mmol m-3) domains, often spending the daytime in proximity of the core of the OMZ, as 

ZDVM = 398� 0.56 ·�O2 � 115 · Log10(Chl) + 0.36 ·mld� 2.4 ·�T

5

© 2013 Macmillan Publishers Limited.  All rights reserved. 



in the case of the shallower South Eastern Tropical Pacific, North Eastern Tropical Atlantic, 

South Eastern Tropical Atlantic, and Bay of Bengal oxygen minima. This association between 

DVM and oxygen minima supports and extend previous local surveys8-10, and is consistent with 

the hypothesis that hypoxic and suboxic waters might provide a refuge from large predators with 

high oxygen requirements11,12.

Ocean Circulation-Biogeochemistry Model 

The model used in this study is the 3-degree resolution GFDL MOM4p1 ocean model coupled 

with the BLINGv0 biogeochemistry  model13. MOM4p1 is a pressure coordinate, free-surface 

ocean model that includes parameterizations of mesoscale and sub-submesoscale processes and 

mixed layer dynamics. The model is forced with heat, freshwater and shortwave fluxes from 

climatologies. BLING is a computationally efficient biogeochemical model consisting of four 

explicit  tracers (dissolved inorganic and organic phosphorous, iron and oxygen) with a 

representation of macronutrient, micronutrient, and light limitation, and an implicit treatment of 

ecosystem community  structure. Organic matter production by  photosynthesis is partitioned 

between an explicit dissolved pool and implicit sinking particle and DVM fluxes. 

We assume that DVM fluxes are a constant fraction of the organic matter export production, and 

we vary this fraction between 0 and 0.45, spanning the range of existing observational and model 

estimates listed in the Supplementary Table S1.

Particle respiration that is not associated with DVM follows a typical observationally-based 

power law profile14. DVM active transport  is returned to the water column via a migratory 

respiration flux, assumed to be uniform between the surface and the daytime DVM depth, and a 

deep  respiration flux shaped as a Gaussian, centered at the daytime DVM depth, with a scale 
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parameter of 50 m, in agreement with observations9,15 and previous modeling studies16. The 

partitioning between migratory and deep respiration fractions is scaled according to the duration 

of migrations, assumed to be proportional to the local DVM depth. The DVM depth is 

determined in the model using the multiple linear regression equation and is shown in Fig. S8. 

This redistribution presumes that the respiration associated with organic material consumed near 

the surface continues throughout the day. To simulate the lack of diurnal migrations in the 

wintertime high latitudes, the DVM  depth is linearly decreased to 150 m when the daily mean 

surface irradiance decreases below 10 W m-2. Oxygen consumption by respiration is calculated 

from the phosphate remineralization rate using a stoichiometric ratio of 150:1, and is set  to zero 

at oxygen concentrations below 1.0 mmol m-3. The profiles of respiration due to the active DVM 

transport and to the remineralization of passive detritus are shown in Fig. S9 for DVM export 

fractions equal to 0.15, 0.30 and 0.45. The models were integrated for 1500 years until 

approximate equilibrium was reached, and the last 100 years of simulations were analyzed. 

In the models, the oxygen utilization due to migrators shows an approximately linear dependency 

with the active export fraction at any given location (Fig. S10). That means that, for example, a 

doubling of the active export fraction results in a doubling of the oxygen consumption due to 

vertically migrating organisms. This result allows us to use the different model runs to calculate 

the slope between the active export fraction and the oxygen utilization due to DVM and express 

it in units of mmol m-3 per each % of export by DVM  relative to particle export, as shown in Fig 

3. We note that a mechanistic model of migrator biomass, together with specific respiration rates, 

could be used to quantify the impact of animal respiration on oxygen instead of adopting a fixed 

DVM export fraction. This would require a predictive model of zooplankton and micronekton 

7
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biomass, and of the proportion of migrators. While global models have only recently  started to 

simulate animal biomass adequately, a predictive framework for the fraction of migrators is still 

lacking. The theoretical and observational uncertainties surrounding the migrating fraction and 

the DVM export persuaded us to express the oxygen utilization due to DVM  as a function of the 

active export fraction (Fig. 3). Together with the range of active export fractions reviewed in 

Table S1, this can be directly used to estimate the effects of migrations on water column 

chemistry and oxygen distribution in a general sense.

8
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Supplementary Table S1. Observational and model-based estimates of active organic 

matter export relative to particle export (DVM/POC export, percent).

Location DVM/POC export (%) Reference

Median of 9 oceanic sites(1) 26 17

North Atlantic (NFLUX) (2) 8 18

Eastern Tropical Pacific (2 sites) (3) 25-45 19

Subtropical North Atlantic and North 
Atlantic (5 sites) (3)

14-53 19

Subtropical North Atlantic (BATS) (4) 34 (18-70) 20

Equatorial Pacific (EqPac) (5) 31-44 21

North Atlantic (NABE) (6) 19-40 22

Subtropical North Atlantic (BATS) (7) 8 (0-39) 23

Subtropical North Pacific (ALOHA) (8) 15 24

Western Equatorial Pacific (9) 30-48 (uncorrected)
50-100 (corrected)

25

Subtropical North Atlantic (Canary 
Islands) (10)

25 (16-45) 26

Subtropical North Atlantic (Canary 
Islands) (11)

15-53 27

Subtropical North Pacific (12) 20 28

Subtropical North Atlantic (BATS) (13) 15 29

North Pacific Ocean (subpolar to (14) 

equatorial)
15-40 16

(1) Longhurst and Harrison (1988) (ref. 17). Biomass data for migratory zooplankton and micronekton 

from 9 stratified low-latitude sites are used in conjunction with estimates of excretion rates to calculate 
the DVM active transport. Primary production data are used to estimate the particle flux at 100 m 
depth. 

9

© 2013 Macmillan Publishers Limited.  All rights reserved. 



(2) Longhurst et al. (1989) (ref. 18). NFLUX station (38N, 65W). Export fluxes out of the euphotic zone 

(100-120 m). DVM active transport estimated from NH4+ excretion rates; particle flux from sediment 
trap data.

(3) Longhurst et al. (1990) (ref. 19). Export fluxes across the upper ocean density discontinuity (47-100 m 

in the Eastern Tropical Pacific; 58-200 m in the Subtropical Atlantic). DVM active transport estimated 
from migratory mesozooplankton and micronekton biomass together with estimates of excretion rates 
from the literature; particle flux is calculated from primary production measurements.

(4) Dam et al. (1995) (ref. 20). JGOFS BATS station (31N, 64W). DVM export fluxes at 150 m depth from 

daytime and nighttime mesozooplankton biomass measurements combined with published metabolic 
rates. Particle fluxes  at 150 m depth from sediment traps.

(5) Zhang and Dam (1997) (ref. 21). JGOFS EqPac station (0N,140W). DVM export fluxes from the 

euphotic zone estimated from daytime and nighttime mesozooplankton biomass measurements 
combined with published metabolic rates. Particle fluxes from the euphotic zone from sediment traps.

(6) Morales (1999) (ref. 22). JGOFS NABE cruises (3 cruises between 41N-63N and 14W-18W). DVM 

(mesozooplankton) and particle export fluxes out of the surface layers (100 m depth) from literature 
and JGOFS-NABE data in the North Atlantic.

(7) Steinberg et al. (2000) (ref. 23). JGOFS BATS site (31N, 64W). DVM export fluxes at 150 m depth 

from daytime and nighttime mesozooplankton biomass measurements combined with metabolic rate 
estimates from the literature. Particle fluxes at 150 m depth from sediment traps.

(8) Al-Mutahiri and Landry (2001) (ref. 24). Station ALOHA (22N, 158W). DVM export fluxes at 155 m 

depth from daytime and nighttime mesozooplankton biomass measurements combined with metabolic 
rate estimates from the literature. Particle fluxes at 150 m depth from sediment traps.

(9) Hidaka et al. (2001) (ref. 25). Western equatorial Pacific (3N-145W). DVM export fluxes at 160 m 

depth from daytime and nighttime mesozooplankton and micronekton biomass measurements 
combined with metabolic rate estimates from the literature. Particle fluxes at 160 m depth from 
sediment traps. The corrected values include an upward estimate of the migratory micronekton 
biomass obtained by assuming a 14 % micronekton sampling effciency of the trawls. 

(10) Hernandez Leon et al. (2001) (ref. 26). Canary Islands. DVM export fluxes at 200 m depth from 

daytime and nighttime mesozooplankton biomass measurements combined with in situ metabolic rate 
measurements. Particle fluxes at 150 m depth from literature data.

(11) Yebra et al. (2005) (ref. 27). For methods, see (10).

(12) Hannides et al. (2009) (ref. 28). Station ALOHA (22N, 158W). DVM export fluxes at 160 m depth from 

daytime and nighttime mesozooplankton biomass measurements combined with metabolic rate 
estimates from the literature. Particle fluxes at 150 m depth from sediment traps.
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(13)Steinberg et al., (2012) (ref. 29). 17-year timeseries at the JGOFS BATS site (31N, 64W). DVM export 

fluxes at 150 m depth from daytime and nighttime mesozooplankton biomass measurements 
combined with metabolic rate estimates from the literature. Particle fluxes at 150 m depth from 
sediment traps.

(14) Bianchi et al. (in press) (ref.16). Modelling study based on a 1-D multiple size-class NPZD model 
which includes explicit representation of DVM dynamics, calibrated against observed productivity and 
biomasses for three sites in the Pacific Ocean.
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Figure S1. Relationship between different estimates of DVM  depth. The figure shows a scatter 

plot of the DVM depth from daytime maximum subsurface backscatter versus DVM depth from 

day-to-night ADCP amplitude difference. The colour shading shows the density distribution of 

the data (percent). 30 % of the data show identical depths; 80 % of the data show differences less 

than 50 m.
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Figure S2. Number of DVM depth observations. The figure shows the number of DVM  events 

detected in the ADCP data for each of the 4° by 4° areas used to generate Fig. 2.
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Figure S3. Standard deviations of DVM depths. The figure shows the standard deviation of  

the DVM  depths for each of the 4° by 4° areas shown in Fig. 2. Values are shown only for grid 

areas containing 3 DVM depth estimates or more.
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Figure S4. Probability distribution function of the irradiance (W m-2) at the daytime DVM 

depth. The probability distribution was calculated by dividing the number of measurements in 

each irradiance bin by  the bin width. The irradiance was estimated using the light penetration 

scheme of ref. 3 using surface irradiance and depth-dependent chlorophyll from climatologies.
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Figure S5. Daytime DVM depth predicted from global isolume depth. (A) Scatter plot of the 

depth of the mean isolume (10-4 Wm-2) versus the DVM depth. The correlation coefficient is R2 = 

0.20 (p < 0.01). The red line is the 1:1 line. (B) Probability  distribution function of the difference 

between isolume depth and daytime DVM depth. The probability  distribution was calculated by 

dividing the number of measurements in each depth bin by the bin width. The mean and standard 

deviation of the distribution are 0 and 80 m respectively.
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Figure S6. Daytime DVM depth predicted from environmental variables. (A) Scatter plot of 

the DVM depth estimated from a stepwise multiple linear regression versus the actual DVM 

depth. The coefficient of determination of the regression is R2 = 0.60 (p < 0.01). The red line is 

the 1:1 line. (B) Probability distribution function of the difference between daytime DVM depth 

from the regression and observed daytime DVM depth. The probability  distribution was 

calculated by  dividing the number of measurements in each depth bin by  the bin width. The 

mean and standard deviation of the distribution are 0 and 54 m respectively.
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Figure S7. Relationship between daytime DVM depths and oxygen profiles. The first panel 

shows a map of the  7 major open ocean oxygen minimum zones (blue shading) and the locations 

of single DVM  events detected in the acoustic data within each of the regions (red dots.) The 

following panels show in blue the average oxygen profiles (mmol m-3) from each region from the 
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World Ocean Atlas, and in red the location of the average DVM depth detected in the acoustic 

data. Shadings show one standard deviation around the means. The regions are: Arabian Sea, Bay 

of Bengal, North Pacific, North Eastern Tropical Pacific, South Eastern Tropical Pacific, North 

Eastern Tropical Atlantic, South Eastern Tropical Atlantic.
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Figure S8. Annual mean DVM depth (m) in the model. Daytime DVM  depths (colours) 

predicted using the regression of equation S1, using model temperature, oxygen, chlorophyll and 

mixed layer depths. Contours show the surface (0 - 25 m) to upper mesopelagic zone (150 - 500 

m) oxygen difference (mmol m-3).
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Figure S9. Globally averaged respiration (mmol m-3 year-1) in the model. The green line 

shows the passive detritus respiration (sinking particles and dissolved organic matter), the red 

line shows the respiration due to active DVM transport, and the black line the sum of the two. 

Results are shown for active DVM flux equal to 0.3 times the organic matter export production. 

The light-coloured shadings indicate the envelope values obtained with active DVM  fractions 

equal to 0.15 and 0.45 times the organic matter export production respectively.
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Figure S10. Correlation between the active export fraction and the oxygen utilization due 

to DVM in the model. The correlation coefficients were calculated at each model grid point, 

using the oxygen utilization due to DVM from 4 model runs where the active export  fraction was 

varied between 0 and 0.45. (A) Zonal average. Values shallower than 100 m were excluded 

because approaching the surface oxygen utilizations tend to zero resulting in noisy  correlations. 

Lower correlation in the abyssal ocean might be due to incomplete model equilibration after the 

1500 year spin up. (B) Average over the upper mesopelagic zone (150 - 500 m). 
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