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Light-dependent grazing can drive formation and
deepening of deep chlorophyll maxima
Holly V. Moeller 1, Charlotte Laufkötter 2,3, Edward M. Sweeney4,5 & Matthew D. Johnson6

Deep Chlorophyll Maxima (DCMs) are subsurface peaks in chlorophyll-a concentration that

may coincide with peaks in phytoplankton abundance and primary productivity. Work on the

mechanisms underlying DCM formation has historically focused on phytoplankton physiology

(e.g., photoacclimation) and behavior (e.g., taxis). While these mechanisms can drive DCM

formation, they do not account for top-down controls such as predation by grazers. Here, we

propose a new mechanism for DCM formation: Light-dependent grazing by microzooplankton

reduces phytoplankton biomass near the surface but allows accumulation at depth. Using

mathematical models informed by grazing studies, we demonstrate that light-dependent

grazing is sufficient to drive DCM formation. Further, when acting in concert with other

mechanisms, light-dependent grazing deepens the DCM, improving the fit of a global model

with observational data. Our findings thus reveal another mechanism by which micro-

zooplankton may regulate primary production, and impact our understanding of biogeo-

chemical cycling at and above the DCM.
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Deep chlorophyll maxima (DCMs), subsurface peaks in the
concentration of the photosynthetic pigment chlorophyll-
a (chl-a), are widespread phenomena observed in aquatic

ecosystems, from freshwater lakes to coastal oceans to oligo-
trophic gyres1–3. Particularly in stratified systems, DCMs may
form and persist over weeks to months. While DCMs are not
always coincident with biomass or productivity maxima4,5, they
often represent peaks in abundance of a unique phytoplankton
community (i.e., differing substantially in species membership
from surface waters6–9). Furthermore, photosynthesis occurring
at the DCM may result in substantial contributions to local pri-
mary production10,11 and, because of its relative proximity to
export depth thresholds, may be an important part of the bio-
logical pump12,13.

A number of hypotheses have been proposed for DCM for-
mation and maintenance. These hypotheses largely focus on
bottom-up controls: limitations of phytoplankton abundance and
productivity based on interactions between these primary pro-
ducers and their abiotic environment1. First, phytoplankton are
fundamentally limited by the availability of light. In low-light
environments, phytoplankton compensate by increasing their
per-cell photosynthetic pigment production14,15. Because light
attenuates with depth, this photoacclimation mechanism can
produce a DCM16,17, though it cannot explain deep biomass
maxima. Phytoplankton also experience a tradeoff between light,
which is supplied by solar irradiance from the surface of the water
column, and nutrients, which are supplied by upwelling and
diffusion from below. As nutrients become depleted from surface
waters, phytoplankton accumulate at progressively deeper depths
until light becomes co-limiting18,19. This co-limitation mechan-
ism is supported by DCMs that coincide with the nutricline20 and
that deepen as light increases or nutrients decrease21,22. Finally,
taxis23,24 and buoyancy regulation25,26 by phytoplankton can
result in behavioral mechanisms producing narrow, subsurface
biomass layers. Particularly following blooms, sinking of nutrient-
stressed cells may also result in a transient DCM27,28.

However, top-down controls (e.g., removal by higher trophic
levels) are also known to be important drivers of phytoplankton
abundance. For example, grazers can regulate phytoplankton
abundance and composition29,30, viruses may drive termination
of blooms31,32, and in several Earth System Models grazers can
even cause a decrease in future primary production33. Yet, such
mechanisms have generally been disregarded in DCM formation,
perhaps because we expect an individual grazer’s functional traits
(e.g., per-capita ingestion rate) to be independent of depth. One
exception has been the observation that mixotrophs (here defined
as organisms that simultaneously engage in phototrophy and
phagotrophic heterotrophy) may cause DCM formation when
they are weaker competitors for light than their phytoplankton
prey and thus accumulate and exert top-down control on prey
populations at the surface. If the mixotrophs contain relatively
low amounts of chlorophyll compared to the phytoplankton, the
DCM would then coincide with a peak in phytoplankton prey
biomass at depth34. In this case, however, it is the photosynthetic
traits of the organisms, rather than those associated with het-
erotrophy, that are invoked to explain DCM formation.

Thus, though distributions of grazers and phytoplankton, and
therefore total rates of removal by grazing, may vary with depth,
we typically view this as a consequence of phototroph distribution
(i.e., regulated by bottom-up mechanisms), as opposed to a result
of differential grazing (i.e., via a top-down mechanism). Here, we
challenge this conventional view by proposing an alternate
mechanism for DCM formation: light-dependent grazing of
phytoplankton by microzooplankton can drive the formation,
and increase the depth, of DCMs due to elevated rates of removal
of phytoplankton in shallower waters.

Using controlled laboratory experiments, Suzanne Strom
(2001)35 was the first to report that microzooplankton ingestion
and digestion rates of pigmented prey (i.e., phytoplankton)
increase with increasing availability of light. Subsequently, a
number of other studies have reported a positive relationship
between light and grazing (Fig. 1) in heterotrophs36 and mixo-
trophs37–40 (here defined as protists that combine photosynthesis
and phagotrophic heterotrophy for growth).

The mechanism underlying the light dependence of grazing is
not fully known. One possible explanation is that the process of
breaking down chlorophyll may require the production of reac-
tive oxygen species from the pigments themselves35,41, so light
absorption by prey contained within a digestive vacuole may
increase digestion rates. Second, as unicellular organisms,
microzooplankton risk photooxidative stress when grazing on
pigmented prey because their digestive vacuoles are in close
proximity to other critical cellular machinery. Chlorophyll is
known to produce singlet oxygen radicals42, and numerous
protist grazers have the capacity to detoxify chlorophyll to the
catabolite 132,173-cyclopheophorbide a enol, which accumulates
in cells and may act as an antioxidant43. Thus, more rapid
digestion may be an adaptive response to reduce cell damage in
high-light environments35.

Both light-aided digestion and photooxidative stress should
particularly affect small-bodied, translucent grazers (e.g., micro-
zooplankton). In a water column, where light attenuates with
depth, if a grazer’s consumption rate depends on light availability,
its grazing potential will be highest at the surface and decline with
depth. Thus, in deeper, darker layers of the water column, phy-
toplankton may have a spatial refuge where predation pressure is
alleviated, allowing accumulation and formation of a DCM.
While this possibility has occasionally been alluded to in the
literature1,8, it seems to have so far been dismissed without
thorough investigation.

Here, we use two modeling approaches—a one-dimensional (1-
D) model representing the focal mechanism and a three-
dimensional (3-D) marine ecosystem model—to argue that, in
fact, this is a viable mechanism for DCM formation.
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Fig. 1 Laboratory measurements of grazing rates. Data are presented for
microzooplankton (black lines and symbols) and mixotrophs (gray lines and
symbols). For comparison, all rates have been normalized to grazing rates
in darkness (light level= 0). The dashed line at fold difference= 1 indicates
the expected relative grazing rate when grazing is not affected by light. In
all but one of the studies surveyed, grazing rates increased with increasing
light availability. Note log scale of both axes

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09591-2

2 NATURE COMMUNICATIONS |         (2019) 10:1978 | https://doi.org/10.1038/s41467-019-09591-2 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


Results
Light-dependent grazing is sufficient to drive DCM formation.
To test our hypothesis that light-dependent grazing can drive
DCM formation, we developed a 1-D model for a water column
in which we account for the availability of light (the sole limiting
resource, formulated after44) and the population dynamics of
phytoplankton and microzooplankton.

Our model deliberately incorporates relatively few processes:
first, surface irradiance is fixed at a constant input rate, Iin. Light
availability decays with depth following the Lambert–Beer Law as
it is absorbed by water (with a baseline absorptivity k0),
phytoplankton (with a per-biomass absorptivity kW; note that
by treating this parameter as a constant we assume no
photoacclimation), and microzooplankton (absorptivity kZ).
Thus, the in situ light availability at any focal depth z can be
found by integrating absorption in the water column above the
focal depth (represented by the integral over the spatial
coordinate, s):

I zð Þ ¼ Iin exp �
Z z

0
k0 þ kPPðsÞ þ kZZ sð Þds

� �
: ð1Þ

Second, phytoplankton P growth is light limited: photosynthesis
rates are an increasing saturating function of in situ light with a
maximum rate p and a half-saturation irradiance HP. We do not
model nutrient dynamics in this model formulation, in order to
highlight the sufficiency of the light-dependent grazing mechan-
ism. Phytoplankton respiratory loss rates l are constant, and
phytoplankton may be consumed by grazers. These microzoo-
plankton Z feed on phytoplankton with a maximum per-capita
grazing rate g that is an increasing, saturating function of light
availability (half-saturation irradiance HZ). The microzooplank-
ton also follow the commonly observed Holling Type II
functional response45, so per-capita grazing rate is also a
saturating function of prey abundance (half-saturation prey
abundance HA). Preys are turned into predator biomass with a
conversion efficiency e, and microzooplankton have a mortality
rate m. Finally, we consider all organisms to be neutrally buoyant
and to move through diffusion D. Collectively, this gives rise to
two partial differential equations describing the local population
dynamics of the phytoplankton and microzooplankton:

∂P
∂t

¼ PðzÞ pIðzÞ
HP þ IðzÞ � l � gIðzÞ

HZ þ IðzÞ �
ZðzÞ

HA þ PðzÞ
� �

þ D
∂2PðzÞ
∂z2

;

ð2Þ

∂Z
∂t

¼ ZðzÞ egIðzÞ
HZ þ IðzÞ �

PðzÞ
HA þ PðzÞ �m

� �
þ D

∂2ZðzÞ
∂z2

: ð3Þ

Our 1-D model demonstrates that light-dependent grazing
alone is a sufficient mechanism to generate DCMs: within a broad
range of parameter values (surface light levels sufficiently high to
support phytoplankton and zooplankton populations, and
diffusion rates that are slow relative to photosynthesis and
grazing rates such that the water column is semi-stratified on the
timescale of organism lifespan), subsurface phytoplankton
biomass maxima develop (Fig. 2, Supplementary Fig. 1–2).
Photoacclimation is absent, so this corresponds to a DCM. Above
the DCM, phytoplankton are limited by top-down grazing; below
the DCM, phytoplankton are limited by low light levels (Fig. 2).

These DCMs deepen with increasing surface light, which is also
consistent with observations of DCM seasonality in four oceanic
regions21. Although increasing surface light expands the region of
the water column where phytoplankton can grow, it also alleviates
light limitation of grazing. Thus, our model predicts that
phytoplankton biomass at the DCM should hold roughly
constant, while microzooplankton biomass increases with

increasing surface light (Fig. 2d, e). This contrasts with the
prediction of the nutrient/light co-limitation mechanism that
DCM depth and chl-a content (from both photoacclimation and
increasing phytoplankton biomass) should increase with increas-
ing light21. These predictions appear to be a general consequence
of incorporating light-dependent microzooplankton grazing:
other model formulations, including a Holling Type I functional
response, a linear (rather than saturating) relationship between
light availability and grazing rate, and a formulation in which
prey handling time (rather than grazing rate) was a function of
light all produced qualitatively identical results (Supplementary
Fig. 3).

Global deepening of the DCM improves model-data agree-
ment. We next evaluated the extent to which DCM depth at the
global scale is impacted by light-dependent grazing. We incor-
porated light-dependent grazing into the Carbon, Ocean Bio-
geochemistry and Lower Trophics (COBALT) global marine
biogeochemistry model46, which is coupled to the Earth System
Model ESM2M developed at the Geophysical Fluid Dynamic
Laboratory47,48. COBALT explicitly models multiple phyto-
plankton and zooplankton functional classes46, making it ideally
suited for the incorporation of light-dependent grazing. Further,
COBALT already accounts for photoacclimation and nutrient-
light co-limitation; thus, addition of light-dependent grazing
allows us to determine how this mechanism interacts with other
recognized mechanisms for DCM formation.

We modified the grazing rate of the COBALT microzooplank-
ton class (body size <200 μm49) such that grazing was a function
of light. COBALT parameterizes grazing with a Type II functional
response:45 that is, per-zooplankter grazing rates are a saturating
function of prey density46. Therefore, we specifically modified the
maximum achievable grazing rate (when preys are in excess) to be
a function of local light availability. Microzooplankton were
assigned a baseline grazing rate g0, which could be increased by a
maximum of g1 as a saturating function of light availability:

gmz ¼ g0 þ g1
I

Hmz þ I

� �
; ð4Þ

where Hmz is the irradiance at which grazing rates have increased
by half of g1 (i.e., gmz= g0+ g1/2).

Modifying the grazing function in a complex marine ecosystem
model with several interacting phyto- and zooplankton types
results in a disturbance of the carefully equilibrated food web. We
therefore tested parameters from a range of possible values within
the weak experimental constraints to determine a parameter set
that improved the match between the model’s predicted DCM
depths and observed data, while keeping phyto- and zooplankton
biomass within the observed range. Specifically, we set g0 to 0.15
prey pred−1 d−1, with a maximum increase g1 of an additional
1.65 prey pred−1 d−1. We set the half-saturation irradiance Hmz

at 9Wm−2 (~40 μmol quanta m−2 s−1), a relatively low irra-
diance compared to surface light levels which range to >2000
μmol quanta m−2 s−1 during midday in summer. This estimate
also falls within the range demonstrated by laboratory experi-
ments (Fig. 1) and is conservative in that it allows micro-
zooplankton to achieve maximum grazing rates at relatively low
light levels. The model was then spun up for 20 years after the
modification of the grazing function to allow the plankton
community to reach a new equilibrium.

We find that this modification results in an overall deepening
of the DCM (Supplementary Fig. 4), particularly in the
subtropical gyres (Fig. 3, compare a and b). These DCMs
coincided with biomass maxima, particularly of small-bodied
phytoplankton predated by microzooplankton. Because the
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unmodified COBALT model systematically underestimated DCM
depths, our modification significantly improves the model’s
agreement with global DCM predictions derived from empirical
algorithms linking satellite data with DCM depth (Fig. 3c,
Supplementary Fig. 5; two-sample z test: p < 0.001, z-statistic=
34.227)21,50. We were able to achieve these improvements in
DCM fit without reducing COBALT’s existing ability to
accurately represent the distribution of surface chl-a and nitrate
(Supplementary Fig. 6).

We also compared the model’s output in a region with large
discrepancies (the South Pacific Subtropical Gyre, Fig. 3) with
in situ depth profiles of chl-a fluorescence (collected by the Sea
Education Association Cruise S272, March–April 2017).
Although fluorescence is an imperfect proxy for chl-a concentra-
tion3, data from CTD casts on a transect from New Zealand to

Tahiti show that in situ fluorescence maxima offshore are
generally deeper than the COBALT model’s predictions (Fig. 4).
However, incorporation of light-dependent grazing deepens
the model’s predicted DCM and increases congruence with field
data.

In both the modified and unmodified COBALT model, DCM
depth varies seasonally: in general, DCMs are deeper in summer
(Supplementary Figs. 7–8), which is consistent with prior
findings21 and the prediction that DCMs should deepen with
increasing light availability. Interestingly, incorporating light-
dependent grazing produces the greatest deepening of the DCM
(i.e., largest magnitude increase in depth between unmodified and
modified model runs) in late summer (February to April in the
Southern hemisphere; July to September in the Northern
hemisphere; Supplementary Fig. 9), a time when stratified, low-
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Fig. 2 Light-dependent grazing drives deep chlorophyll maxima (DCM) formation in a one-dimensional model. a In the absence of light dependence of
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nutrient systems are most likely to be dominated by grazers51,52,
including mixotrophs53.

Discussion
Our findings highlight the importance of top-down controls to
regulating the distribution of primary production with depth.
Light-dependent grazing is sufficient, in isolation, to drive for-
mation of deep phytoplankton biomass maxima. Evidence for this
could be found in water columns where the DCM is decoupled
from the nutricline, although, without specific measurements of
in situ grazing rates, it is difficult to differentiate between this and
other mechanisms (e.g., decoupling of fluorescence and biomass4,
internal waves54, or sinking detritus1). It is likely more common
that light-dependent grazing acts alongside other, better-
recognized factors to deepen deep biomass maxima. This is evi-
dent in our COBALT model runs: even without invoking light-
dependent grazing, DCMs form at slightly shallower depths than
the nutricline due to nutrient-light co-limitation. Light-
dependent grazing deepens these DCMs, but not to the extent
that they are also deeper than the nutricline (Supplementary
Fig. 10). Thus, light-dependent grazing may be an important

process even in water columns in which the nutricline is deeper
than the DCM because the top-down mechanism acts in concert
with bottom-up co-limitation. In other words, even in water
columns where nutriclines are deeper than the DCM, light-
dependent grazing can still be an important regulator of DCM
location. The deepening induced by light-dependent grazing is
particularly pronounced in the subtropical gyres (Fig. 3), which,
though relatively unproductive compared to coastal regions, are
expected to expand with anthropogenic climate change55.

Our argument further implies that grazing may limit phyto-
plankton biomass accumulation in the upper ocean; this is con-
sistent with evidence for high rates of phytoplankton
consumption and nutrient recycling in the presence of
grazers29,56,57. This also implies a fundamental role of grazers in
regulating the depth at which biomass accumulates, which may
impact carbon export by the biological pump. Though phyto-
plankton affected by light-dependent grazing are likely to be
small-bodied (because they are in stratified water columns), they
may nonetheless contribute to export when cells clump and
sink58,59, or when downwelling occurs. Light-dependent grazing
may also interact with other, depth-variant grazer traits. For
example, elevated temperatures in upper layers of the water col-
umn may increase digestion rates60, further enhancing local
grazing rates and compounding the effects of light on grazing.
Low light can also limit grazing by larger-bodied zooplankton—
for example, visual predators may forage more efficiently in
higher light environments61—though these impacts are not
considered here.

Field studies that quantify membership and activity of the
grazer community with depth, or that track the development,
depth, and magnitude (phytoplankton biomass) of the DCM over
seasonal cycles, can provide tests of this new mechanistic
hypothesis for deep chlorophyll maximum formation. Care must
be taken to focus such efforts on DCMs that also represent bio-
mass maxima (at least, of specific phytoplankton taxa): our
hypothesis predicts variation in abundance of organisms—not
just their pigments, which may be further decoupled from
fluorescence signals4—with depth. While subsurface biomass
maxima can be found in all ocean ecosystems and may be
composed of a wide variety of phytoplankton taxa1,62, relatively
few studies have systematically measured grazing rates within
them or have assessed grazer abundance or composition. None-
theless, several studies have reported higher concentrations of
protist grazers within subsurface chlorophyll maxima63 and
DCMs64, and mesozooplankton predators are known to vertically
migrate in and out of chlorophyll maxima to feed65,66. Missing
from the rich body of research on DCMs is a systematic study of
their grazing communities in relationship to incident irradiance
and phytoplankton community composition.

Methods
Analysis of published grazing data. We assembled data from published studies in
which grazing data (ingestion rates and, rarely, vacuole clearance rates) were
reported for a single grazer offered a single type of phytoplankter prey in controlled
laboratory settings. We screened studies to ensure that experimental conditions
were identical, except for the manipulation of available light. Where data from
multiple prey concentrations were provided, we used the maximum prey density to
avoid variation due to Type II functional responses and instead focus on prey-
saturated grazing rates. Data were manually extracted from figures and tables, and
normalized to a baseline grazing rate by dividing by the grazing rate measured in
darkness.

One-dimensional model. We formulated our model following Huisman and
Weissing44, except that we introduced a microzooplankter grazer. We follow
Huisman and Weissing’s formulation in our assumption that light is continuously
available (i.e., no day/night light/dark cycles). In order to capture population dis-
tributions as a function of depth, we relaxed Huisman and Weissing’s assumption
of a well-mixed water column and instead allowed organisms to move by diffusion.
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Fig. 3 Global comparison of deep chlorophyll maxima (DCM) depths
predicted by COBALT and satellite algorithms. a, b Carbon, Ocean
Biogeochemistry and Lower Trophics (COBALT) global marine
biogeochemistry model output for the unmodified (control) model (a) and
model modified to incorporate light-dependent grazing of
microzooplankton (b). Note an overall deepening in the DCM, particularly
in the oligotrophic gyres. c Empirical estimate of DCM depth using a
pigment-based algorithm interpolated using satellite data. Modification of
the COBALT model to incorporate light-dependent grazing improves the
model’s match with these data. All panels are plotted using the same
colorbar scale
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We simulated the model’s behavior using MATLAB (version R2016a, The
Mathworks, Inc.). To do this, we discretized the water column into a series of
ODEs (ordinary differential equations) representing narrow bins of fixed depth z′.
We then assumed that each bin was internally well mixed, in order to invoke
Huisman and Weissing’s formulation for growth of phytoplankton in a well-mixed
water column. Photosynthetic growth thus depends on the amount of light
entering the top of the bin, Ii, and on the amount of biomass within the bin that
affects its total absorptivity κ, where κ is given by:

κi ¼ k0z
′ þ kPPi þ kZZi: ð5Þ

We used a centered difference formula to approximate diffusion. Thus, for a
particular depth bin i, the population dynamics were governed by:

dPi
dt

¼ Pi
p
κi
log

HP þ Ii
HP þ Iie�κi

� �
� l � gIi

HZ þ Ii
� Zi

HA þ Pi

� �
þ D

Piþ1 þ Pi�1 � 2Pi
z0ð Þ2 ;

ð6Þ

dZi

dt
¼ Zi

egIi
HZ þ Ii

� Pi
HA þ Pi

�m

� �
þ D

Ziþ1 þ Zi�1 � 2Zi

z0ð Þ2 : ð7Þ

Our model water column was closed on top and bottom to flux of biomass; thus
the upper and lower depth bins had a modified diffusion approximation that
allowed flux only from one bin below or above, respectively.

Alternative 1-D model formulations. To test the generality of our results, we
formulated three additional water column models. The first of these considered
Holling Type I predator functional responses:

∂P
∂t

¼ PðzÞ pIðzÞ
HP þ IðzÞ � l � gIðzÞ

HZ þ IðzÞZðzÞ
� �

þ D
∂2PðzÞ
∂z2

; ð8Þ

∂Z
∂t

¼ ZðzÞ egIðzÞ
HZ þ IðzÞPðzÞ �m

� �
þ D

∂2ZðzÞ
∂z2

: ð9Þ

The second considered a linear relationship between grazing and light, where
microzooplankton can graze at a baseline rate g0, which increases with increasing
light at a rate g:

g
^

Ið Þ ¼ g0 þ gIðzÞ: ð10Þ
This resulted in the formulation:

∂P
∂t

¼ PðzÞ pIðzÞ
HP þ IðzÞ � l � g0 þ gIðzÞð Þ � ZðzÞ

HA þ PðzÞ
� �

þ D
∂2PðzÞ
∂z2

; ð11Þ

∂Z
∂t

¼ ZðzÞ g0 þ gIðzÞð Þ � ePðzÞ
HA þ PðzÞ �m

� �
þ D

∂2ZðzÞ
∂z2

: ð12Þ

The third formulation considered the case in which light availability affected
digestion rather than attack rates. This formulation parameterizes the mechanism

of light-dependent grazing as a changing in handling time of prey cells. More
specifically, we imagined that increasing light would reduce handling time
according to the function:

HAðIÞ ¼
HA

IðzÞ : ð13Þ
This new handling time was incorporated into the Type II grazing functional

response:

∂P
∂t

¼ PðzÞ pIðzÞ
HP þ IðzÞ � l � gZðzÞ

1þ gHAðIÞPðzÞ
� �

þ D
∂2PðzÞ
∂z2

; ð14Þ

∂Z
∂t

¼ ZðzÞ egPðzÞ
1þ gHAðIÞPðzÞ

�m

� �
þ D

∂2ZðzÞ
∂z2

: ð15Þ

We note that such a formulation has the same qualitative effects as increasing
grazing rates in the formulation in the main text of the paper. This is because, in
the formulation shown in Eqs. 10–11, in the limit as phytoplankton abundance P(z)
approaches infinity, the per-capita zooplankton grazing rate approaches 1/HA.
Thus, decreasing handling time (by increasing light availability) increases the per-
capita grazing rate. This is qualitatively identical to increasing the grazing rate
multiplier in Eqs. 2–3.

COBALT global ocean model. Details on the formulation of the COBALT model
are published elsewhere46, and our modifications are described in the main text.
Here we give a brief description of the components most important for this work,
that is, the representation of the plankton community and the parameterization of
light limitation.

COBALT represents three phytoplankton types (diatoms, small phytoplankton,
and diazotrophs) and three zooplankton types (large, medium, and small
zooplankton). Phytoplankton growth is modified by temperature, limited by five
nutrients (iron, silicate, phosphorus, nitrate, and ammonia), and limited by light67.
The irradiance forcing resolves the diurnal cycle and light is attenuated with depth
depending on both the attenuation of optically pure seawater and chlorophyll-
dependent absorption68.

Zooplankton feeding is modeled with a Type II Holling functional response.
Small zooplankton are assumed to consume bacteria and small phytoplankton,
medium zooplankton consume small zooplankton, large phytoplankton, and
diazotrophs, and large zooplankton consume medium zooplankton, large
phytoplankton, and diazotrophs. Zooplankton feeding is modified by temperature
with stronger grazing in warmer water. In the default model version zooplankton
feeding is independent of light for all zooplankton types.

COBALT validation. To compare our COBALT model runs with existing obser-
vational data, we extracted 3-D chl-a distributions (from which we estimated DCM
depth), surface nitrate, surface chl-a, and the climatology of the Spring bloom. For
each, we computed the percent difference and the root mean square error between
each model run and a reference dataset. Results for the first three comparisons are
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Fig. 4 Comparison between Carbon, Ocean Biogeochemistry and Lower Trophics (COBALT) model predictions and in situ fluorescence data from the
South Pacific Subtropical Gyre. Field data were collected by Sea Education Association (SEA) Voyage S272 (March–April 2017) on a cruise from New
Zealand (left side) to Tahiti (right side) (inset). Chlorophyll-a fluorescence data are plotted as a heat map; note a deep deep chlorophyll maxima (DCM) in
the oligotrophic basin (right side of the plot). COBALT model output from the same geographic coordinates are overlaid on the plot: The dashed line
represents the depth of the DCM in the unmodified COBALT model, and the solid line represents the depth in the COBALT model that incorporates light-
dependent grazing. This modification deepened the model’s overall prediction of DCM depth, improving its match with in situ data
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shown in Supplementary Figs. 5 and 6. No significant differences were observed for
Spring bloom climatology, and those data were not high resolution (because model
output was saved monthly, rather than daily), so those results are not shown. Our
changes to the COBALT model also affected the spatial distribution (i.e., with
depth) of phytoplankton and zooplankton; however, available data are too sparse to
determine if that improves the representation.

SEA data collection and analysis. Field data were collected aboard the SSV Robert
C. Seamans using a Seabird CTD-mounted Seapoint Chlorophyll Fluorometer
(Seapoint Sensors, Inc., Brentwood, NH, USA) and processed using Ocean Data
View. Geographic coordinates were recorded at sea using a Furuno GPS Navigator
GP-80 type GRP-020 (Nishinomiya, Hyogo, Japan). We used the Quantum Geo-
graphic Information Systems69 Point Sampling Tool to identify the COBALT
model’s nearest grid cell estimate of DCM depth for each CTD cast.

Data availability
Grazing data were obtained from peer-reviewed publications (cited in the main text of
the manuscript). Global, satellite-based estimates of DCM depth were provided by A.
Mignot and are also part of the published literature21. Sea Education Association data are
available upon written request to the scientific leadership.

Code availability
Code used in this study to produce the one-dimensional modeling results is provided
with this manuscript. COBALT simulation analysis code is available from Charlotte
Laufkötter (laufkoetter@climate.unibe.ch) on request.

Received: 13 July 2018 Accepted: 14 March 2019

References
1. Cullen, J. J. Subsurface chlorophyll maximum layers: enduring enigma or

mystery solved? Annu. Rev. Marine Sci. 7, 207–239 (2015).
2. Durham, W. M. & Stocker, R. Thin phytoplankton layers: characteristics,

mechanisms, and consequences. Annu. Rev. Marine Sci. 4, 177–207 (2012).
3. Cullen, J. J. The deep chlorophyll maximum: comparing vertical profiles of

chlorophyll a. Can. J. Fish. Aquat. Sci. 39, 791–803 (1982).
4. Graff, J. R. & Menden-Deuer, S. Physical and optical properties of

phytoplankton-rich layers in a coastal fjord: a step toward prediction and
strategic sampling of plankton patchiness. Mar. Ecol. Prog. Ser. 544, 1–14
(2016).

5. Fennel, K. & Boss, E. Subsurface maxima of phytoplankton and chlorophyll:
steady-state solutions from a simple model. Limnol. Oceanogr. 48, 1521–1534
(2003).

6. Kimor, B., Berman, T. & Schneller, A. Phytoplankton assemblages in the deep
chlorophyll maximum layers off the Mediterranean coast of Israel. J. Plankton
Res. 9, 433–443 (1987).

7. Moore, L. R. & Chisholm, S. W. Photophysiology of the marine
cyanobacterium Prochlorococcus: ecotypic differences among cultured isolates.
Limnol. Oceanogr. 44, 628–638 (1999).

8. Latasa, M., Cabello, A. M., Morán, X. A. G., Massana, R. & Scharek, R.
Distribution of phytoplankton groups within the deep chlorophyll maximum.
Limnol. Oceanogr. 62, 665–685 (2017).

9. Venrick, E. L. The vertical distributions of chlorophyll and phytoplankton
species in the North Pacific central environment. J. Plankton Res. 10, 987–998
(1988).

10. Shulenberger, E. & Reid, J. L. The Pacific shallow oxygen maximum, deep
chlorophyll maximum, and primary productivity, reconsidered. Deep Sea Res.
Part A 28, 901–919 (1981).

11. Weston, K., Fernand, L., Mills, D. K., Delahunty, R. & Brown, J. Primary
production in the deep chlorophyll maximum of the central North Sea. J.
Plankton Res. 27, 909–922 (2005).

12. Guidi, L. et al. Plankton networks driving carbon export in the oligotrophic
ocean. Nature 532, 465–470 (2016).

13. Tilstone, G. H., Lange, P. K., Misra, A., Brewin, R. J. W. & Cain, T. Micro-
phytoplankton photosynthesis, primary production and potential export
production in the Atlantic Ocean. Progr. Oceanogr. 158, 109–129 (2017).

14. Herzig, R. & Dubinsky, Z. Photoacclimation, photosynthesis, and growth in
phytoplankton. Israel J. Bot. 41, 199–212 (1992).

15. Geider, R. J. Light and temperature dependence of the carbon to chlorophyll a
ratio in microalgae and cyanobacteria: Implications for physiology and growth
of phytoplankton. N. Phytologist 106, 1–34 (1987).

16. Steele, J. H. Environmental control of photosynthesis in the sea. Limnol.
Oceanogr. 7, 137–150 (1962).

17. Steele, J. H. A study of production in the Gulf of Mexico. J. Mar. Res. 22,
211–222 (1964).

18. Klausmeier, C. A. & Litchman, E. Algal games: the vertical distribution of
phytoplankton in poorly mixed water columns. Limnol. Oceanogr. 46,
1998–2007 (2001).

19. Beckmann, A. & Hense, I. Beneath the surface: characteristics of oceanic
ecosystems under weak mixing conditions—a theoretical investigation. Progr.
Oceanogr. 75, 771–796 (2007).

20. Herbland, A. & Voituriez, B. Hydrological structure analysis for estimating the
primary production in the tropical Atlantic Ocean. J. Mar. Res. 37, 87–101
(1979).

21. Mignot, A. et al. Understanding the seasonal dynamics of phytoplankton
biomass and the deep chlorophyll maximum in oligotrophic environments: a
Bio-Argo float investigation. Global. Biogeochem. Cycles 28, 1–21 (2014).

22. Abbott, M. R. et al. Mixing and the dynamics of the deep chlorophyll
maximum in Lake Tahoe. Limnol. Oceanogr. 29, 862–878 (1984).

23. Kononen, K. et al. Development of a deep chlorophyll maximum of
Heterocapsa triquetra Ehrenb. at the entrance to the Gulf of Finland. Limnol.
Oceanogr. 48, 594–607 (2003).

24. Figueroa, F. L., Niell, F. X., Figueiras, F. G. & Villarino, M. L. Diel migration of
phytoplankton and spectral light field in the Ría de Vigo (NW Spain). Mar.
Biol. 130, 491–499 (1998).

25. Bienfang, P. K., Harrison, P. J. & Quarmby, L. M. Sinking rate response to
depletion of nitrate, phosphate and silicate in four marine diatoms. Mar. Biol.
67, 295–302 (1982).

26. Villareal, T. A. & Carpenter, E. J. Buoyancy regulation and the potential for
vertical migration in the oceanic Cyanobacterium trichodesmium. Microb.
Ecol. 45, 1–10 (2003).

27. Passow, U., Alldredge, A. L. & Logan, B. E. The role of particulate
carbohydrate exudates in the flocculation of diatom blooms. Deep Sea Res.
Part I 41, 335–357 (1994).

28. Briggs, N. et al. High-resolution observations of aggregate flux during a sub-
polar North Atlantic spring bloom. Deep Sea Res. Part I 58, 1031–1039 (2011).

29. Strom, S. L., Macri, E. L. & Olson, M. B. Microzooplankton grazing in the
coastal Gulf of Alaska: variations in top‐down control of phytoplankton.
Limnol. Oceanogr. 52, 1480–1494 (2007).

30. Goericke, R. Top‐down control of phytoplankton biomass and community
structure in the monsoonal Arabian Sea. Limnol. Oceanogr. 47, 1307–1323
(2002).

31. Bratbak, G., Egge, J. K. & Heldal, M. Viral mortality of the marine alga
Emiliania huxleyi (Haptophyceae) and termination of algal blooms.Mar. Ecol.
Prog. Ser. 93, 39–48 (1993).

32. Fuhrman, J. A. Marine viruses and their biogeochemical and ecological effects.
Nature 399, 541–548 (1999).

33. Laufkötter, C. et al. Drivers and uncertainties of future global marine primary
production in marine ecosystem models. Biogeosciences 12, 6955–6984 (2015).

34. Tittel, J. et al. Mixotrophs combine resource use to outcompete specialists:
implications for aquatic food webs. Proc. Natl Acad. Sci. USA 100,
12776–12781 (2003).

35. Strom, S. L. Light-aided digestion, grazing and growth in herbivorous protists.
Aquat. Microb. Ecol. 23, 253–261 (2001).

36. Tarangkoon, W. & Hansen, P. J. Prey selection, ingestion and growth
responses of the common marine ciliate Mesodinium pulex in the light and in
the dark. Aquat. Microb. Ecol. 62, 25–38 (2011).

37. Li, A., Stoecker, D. K. & Coats, D. W. Mixotrophy in Gyrodinium galatheanum
(Dinophyceae): grazing responses to light intensity and inorganic nutrients. J.
Phycol. 36, 33–45 (2000).

38. Jakobsen, H. H., Hansen, P. J. & Larsen, J. Growth and grazing responses of
two chloroplast-retaining dinoflagellates: effect of irradiance and prey species.
Mar. Ecol. Prog. Ser. 201, 121–128 (2000).

39. Hansen, P. J. & Nielsen, T. G. Mixotrophic feeding of Fragilidium subglobosum
(Dinophyceae) on three species of Ceratium: effects of prey concentration, prey
species and light intensity. Mar. Ecol. Prog. Ser. 147, 187–196 (1997).

40. Kim, S. et al. Growth and grazing responses of the mixotrophic dinoflagellate
Dinophysis acuminata as functions of light intensity and prey concentration.
Aquat. Microb. Ecol. 51, 301–310 (2008).

41. Porra, R. J., Pfundel, E. E. & Engel, N. in Phytoplankton Pigments in
Oceanography Guidelines to Modern Methods (eds Jeffrey, S. W., Mantoura, R.
F. C. & Wright, S. W.) 85–126 (UNESCO Publishing, Paris, 1997).

42. Halliwell, B. & Gutteridge, J. M. C. in Free Radicals in Biology and Medicine
1–29 (Oxford University Press, 2015). https://doi.org/10.1093/acprof:oso/
9780198717478.003.0001.

43. Kashiyama, Y. et al. Ubiquity and quantitative significance of detoxification
catabolism of chlorophyll associated with protistan herbivory. Proc. Natl Acad.
Sci. USA 109, 17328–17335 (2012).

44. Huisman, J. & Weissing, F. J. Light-limited growth and competition for light
in well-mixed aquatic environments: an elementary model. Ecology 75,
507–520 (1994).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09591-2 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1978 | https://doi.org/10.1038/s41467-019-09591-2 | www.nature.com/naturecommunications 7

https://doi.org/10.1093/acprof:oso/9780198717478.003.0001
https://doi.org/10.1093/acprof:oso/9780198717478.003.0001
www.nature.com/naturecommunications
www.nature.com/naturecommunications


45. Holling, C. S. Some characteristics of simple types of predation and parasitism.
Can. Entomol. 91, 385–398 (1959).

46. Stock, C. A., Dunne, J. P. & John, J. G. Global-scale carbon and energy flows
through the marine planktonic food web: an analysis with a coupled physical-
biological model. Progr. Oceanogr. 120, 1–28 (2014).

47. Dunne, J. P. et al. GFDL’s ESM2 Global Coupled Climate–Carbon Earth
System Models. Part I: physical formulation and baseline simulation
characteristics. J. Climate 25, 6646–6665 (2012).

48. Dunne, J. P. et al. GFDL’s ESM2 Global Coupled Climate–Carbon Earth
System Models. Part II: carbon system formulation and baseline simulation
characteristics. J. Climate 26, 2247–2267 (2013).

49. Sieburth, J. M., Smetacek, V. & Lenz, J. Pelagic ecosystem structure:
Heterotrophic compartments of the plankton and their relationship to
plankton size fractions. Limnol. Oceanogr. 23, 1256–1263 (1978).

50. Mignot, A. et al. From the shape of the vertical profile of in vivo fluorescence
to chlorophyll-a concentration. Biogeosciences 8, 2391–2406 (2011).

51. Gifford, D. J., Fessenden, L. M., Garrahan, P. R. & Martin, E. Grazing by
microzooplankton and mesozooplankton in the high‐latitude North Atlantic
Ocean: spring versus summer dynamics. J. Geophys. Res. 100, 6665–6675
(1995).

52. Liu, H., Suzuki, K., Nishioka, J., Sohrin, R. & Nakatsuka, T. Phytoplankton
growth and microzooplankton grazing in the Sea of Okhotsk during late
summer of 2006. Deep Sea Res. Part I 56, 561–570 (2009).

53. Mitra, A. et al. The role of mixotrophic protists in the biological carbon pump.
Biogeosciences 11, 995–1005 (2014).

54. Pannard, A., Planas, D. & Beisner, B. E. Macrozooplankton and the
persistence of the deep chlorophyll maximum in a stratified lake. Freshw. Biol.
60, 1717–1733 (2015).

55. Polovina, J. J., Howell, E. A. & Abecassis, M. Ocean’s least productive waters
are expanding. Geophys. Res. Lett. 35, L03618–5 (2008).

56. Lehman, J. Release and cycling of nutrients between planktonic algae and
herbivores. Limnol. Oceanogr. 25, 620–632 (1980).

57. Andersen, T., Schartau, A. & Paasche, E. Quantifiying external and internal
nitrogen and phosphorus pools, as well as nitrogen and phosphorus supplied
through remineralization, in coastal marine plankton by means of a dilution
technique. Mar. Ecol. Prog. Ser. 69, 67–80 (1991).

58. Lomas, M. W. & Moran, S. B. Evidence for aggregation and export of
cyanobacteria and nano-eukaryotes from the Sargasso Sea euphotic zone.
Biogeosciences 8, 203–216 (2011).

59. Richardson, T. L. & Jackson, G. A. Small phytoplankton and carbon export
from the surface ocean. Science 315, 838–840 (2007).

60. Sherr, B. F. & Sherr, E. B. Rates of digestion of bacteria by marine
phagotrophic protozoa: temperature dependence. Appl. Environ. Microbiol.
54, 1091–1095 (1988). & (null).

61. Kiorboe, T. How zooplankton feed: mechanisms, traits and trade-offs. Biol.
Rev. 86, 311–339 (2011).

62. Menden-Deuer, S. & Fredrickson, K. Structure-dependent, protistan grazing
and its implication for the formation, maintenance and decline of plankton
patches. Mar. Ecol. Prog. Ser. 420, 57–71 (2010).

63. Menden-Deuer, S. Spatial and temporal characteristics of plankton-rich layers
in a shallow, temperate fjord. Mar. Ecol. Prog. Ser. 355, 21–30
(2008).

64. Dolan, J. R. & Marrasé, C. Planktonic ciliate distribution relative to a deep
chlorophyll maximum: Catalan Sea, N.W. Mediterranean, June 1993. Deep Sea
Res. Part I 42, 1965–1987 (1995).

65. Herman, A. W. Vertical distribution patterns of copepods, chlorophyll,
and production in northeastern Baffin Bay. Limnol. Oceanogr. 28, 709–719
(1983).

66. Harris, R. P. Interactions between diel vertical migratory behavior of marine
zooplankton and the subsurface chlorophyll maximum. Bull. Mar. Sci. 43,
663–674 (1988).

67. Geider, R. J., MacIntyre, H. L. & Kana, T. M. Dynamic model of phytoplankton
growth and acclimation: responses of the balanced growth rate and the chlorophyll
a: carbon ratio to light, nutrient-limitation and temperature. Mar. Ecol. Prog. Ser.
148, 187–200 (1997).

68. Manizza, M., Le Quéré, C., Watson, A. J. & Buitenhuis, E. T. Bio‐optical
feedbacks among phytoplankton, upper ocean physics and sea‐ice in a global
model. Geophys. Res. Lett. 32, 826 (2005).

69. QGIS Development Team. QGIS Geographical Information System. Open
Source Geospatial Foundation (2018). http://qgis.osgeo.org.

Acknowledgements
We thank the Sea Education Association and the students and crew of SEA Cruise S272
for collecting and sharing CTD cast data from the South Pacific. We also thank M.
Lepori-Bui for assistance in assembling grazing data, A. Mignot for sharing global DCM
estimates, J.G. John for providing the COBALT control simulations, E.B. Olson, M.G.
Neubert, C.A. Stock, and J.P. Dunne for advice on model formulation, and B.E. Harden
for valuable discussion. We thank members of the UCSB EEMB Department for helpful
feedback on earlier versions of this manuscript. H.V.M. gratefully acknowledges an NSF
Postdoctoral Fellowship (DBI-1401332) and a UBC Biodiversity Center Postdoctoral
Fellowship.

Author contributions
H.V.M. and M.D.J. developed the hypothesis. H.V.M. and C.L. coded and ran model
simulations. H.V.M., C.L., and E.M.S. analyzed data and synthesized results, and H.V.M.
led writing of the manuscript. All authors contributed to the interpretation of the results
and editing of the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09591-2.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Momme Butenschön
and the other anonymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09591-2

8 NATURE COMMUNICATIONS |         (2019) 10:1978 | https://doi.org/10.1038/s41467-019-09591-2 | www.nature.com/naturecommunications

http://qgis.osgeo.org
https://doi.org/10.1038/s41467-019-09591-2
https://doi.org/10.1038/s41467-019-09591-2
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Light-dependent grazing can drive formation and deepening of deep chlorophyll maxima
	Results
	Light-dependent grazing is sufficient to drive DCM formation
	Global deepening of the DCM improves model-data agreement

	Discussion
	Methods
	Analysis of published grazing data
	One-dimensional model
	Alternative 1-D model formulations
	COBALT global ocean model
	COBALT validation
	SEA data collection and analysis

	References
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




