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Abstract

We examined the effect of fine-scale fluid turbulence on phytoplankton community structure in an

idealized, size-structured community model. It has been shown that turbulence can enhance nutrient

transport toward a cell, particularly for larger cells in highly turbulent conditions. Our model suggests

that under weak grazing pressure the effect of this mechanism on relative phytoplankton fitness

and community structure is negligible. Under these conditions, the high nutrient affinity of small cells

dominates relative fitness and allows them to outcompete larger cells. In contrast, when grazing pres-

sure is strong, the turbulent enhancement of nutrient uptake and fitness for larger cells can become

ecologically significant. Here, increasing turbulence broadens the size range of coexisting phytoplankton

and increases the size of the dominant cell type at equilibrium. We also estimate and map open ocean

turbulent dissipation rates as a function of climatological surface wind stresses. The turbulent enhance-

ment of nutrient uptake is most likely to be ecologically significant in regions with low nutrient levels,

strong grazing pressure, and relatively high turbulence, such as in windier portions of the subtropical

gyre or post-bloom conditions at higher latitudes. In these regions, turbulence may help sustain larger

cell populations through otherwise unfavorable environmental conditions.
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Introduction

[1] Smaller phytoplankton are generally more

abundant than larger cells in the ocean (Sheldon

et al. 1972; Agustı́ et al. 1987), although many

different sizes typically coexist (Cermeño et al.

2006). Themechanisms underpinning themain-

tenance of this size diversity remain to be fully

understood. In particular, the question arises as

to how larger phytoplankton are able to survive

in the ocean. Larger phytoplankton are at a sig-

nificant competitive disadvantage, compared

with smaller cells, in several key ways: they gen-

erally have lower specific nutrient affinities

(Aksnes and Egge 1991; Edwards et al. 2012),

lower maximum specific growth rates (though

very small phytoplankton also tend to grow

slowly; Edwards et al. 2012; Kempes et al.

2012; Marañón et al. 2013), and increased self-

shading of photosynthetic pigments (Duyens

1956; Finkel et al. 2004).

[2] Yet large cells persist, and even flour-

ish, in a range of ocean habitats. One prominent

hypothesis explaining their persistence is that

zooplankton grazing prevents the population

of smaller photoautotrophs from growing to

the point of consuming all available nutrients

and excluding larger, less competitive cells

(Armstrong 1994; Kiørboe 2008; Ward et al. 2012).
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In essence, quickly growing small grazers cap the

population of small phytoplankton and liberate resour-

ces for other, larger phytoplankton. Another intriguing

possibility is that chaotic dynamics within the phyto-

plankton community or between predators and prey

may help sustain many types of phytoplankton

(Huisman et al. 2006; Benincà et al. 2008; Kenitz et al.

2013). Aside from these explanations, large cells have a

number of physiological advantages that may aid their

survival. Their ability to store nutrients is greater than

in smaller cells, and they may employ “luxury uptake”

of nutrients when resources are abundant (Sunda and

Huntsman 1995; Tozzi et al. 2004; Verdy et al. 2009).

The same self-shading that gives larger cells lower light

utilization efficiency can also protect them from photo-

inhibition when light levels are high (Key et al. 2010).

Larger cells may also effectively regulate their buoy-

ancy or swim rapidly to optimize growth conditions

(Villareal et al. 1993; Klausmeier and Litchman 2001).

[3] Here, we examine another mechanism that

may help to explain the persistence of large cells in the

ocean: the effect of fine-scale turbulence on phytoplank-

ton nutrient uptake. Energy is imparted to the ocean by

wind, buoyancy forcing, and tides and is transferred

from large to successively smaller eddies until it is even-

tually dissipated by viscosity (Tennekes and Lumley

1972). The length scale of these smallest turbulent ed-

dies ranges from w300 to 10,000 mm, in strongly and

weakly turbulent conditions, respectively (Table 1). This

ubiquitous fine-scale turbulence is believed to enhance

the nutrient uptake and subsequent growth of larger

phytoplankton, whereas smaller cells should be mostly

unaffected (Lazier and Mann 1989; Karp-Boss et al.

1996; Guasto et al. 2012). Laboratory experiments

have shown that turbulence, holding other variables

equal, enhances the growth of larger cells to a greater

extent than for smaller cells (e.g., Cózar and Echevarrı́a

2005; Peters et al. 2006). However, the ecological effects

of fine-scale fluid turbulence on a diverse phytoplankton

community have not yet been fully evaluated. Under

what levels of turbulence, and for what cell sizes, is the

effect of turbulence on nutrient uptake rates likely to be

important? Where and when might this mechanism play

an important ecological role in the ocean?

[4] To address these questions, we developed

a size-structured phytoplankton community model

where phytoplankton competed for a single limiting

nutrient and their functional traits were constrained

by cell size (e.g., Baird and Suthers 2007; Banas 2011).

We adopted an established parameterization for how

nutrient uptake varies as a function of turbulence and

cell size (following Karp-Boss et al. 1996; Metcalfe et al.

2004; Peters et al. 2006). This idealized trait-based

model allowed us to examine the equilibrium response

of the phytoplankton community to a range of turbu-

lence and grazing conditions and to identify circumstan-

ces for which the turbulent effect on phytoplankton

nutrient uptake was most and least likely to have eco-

logical significance. We placed the model results in an

environmental context by mapping the regional and sea-

sonal variations in turbulent kinetic energy (TKE) dis-

sipation rates and nitrate concentration in the North

Atlantic Ocean. In so doing, we identified oceano-

graphic regimes where the effect of fine-scale turbulence

may play an important ecological role.

Fine-Scale Turbulence and Its Impacts on Phytoplankton

[5] The dissipation rate of TKE, 3 (m2 s–3), varies rapidly

in time and space by up to several orders of magnitude

in response to physical forcing (Oakey 1985; MacKenzie

and Leggett 1993; Skyllingstad et al. 1999). In open

ocean waters, 3 is generally greater at the surface and

decreases with depth (MacKenzie and Leggett 1993),

though observations indicate that thin layers and pat-

ches of enhanced dissipation rates may occur below the

surface within the mixed layer (Gregg and Horne 2009;

Smyth et al. 2013). More energetic zones, including tidal

channels, fronts, storms, and breaking waves, may

generate very high 3 (w10–4 m2 s–3), while much of

the surface ocean typically exhibits lower dissipation

Table 1 Characteristic values of turbulent kinetic energy dissipation rate (3), the
Kolmogorov length scale for the smallest eddy (h), and the Batchelor length scale
for stirring (hb) for differing surface ocean habitats. Adapted from Kiørboe and Saiz
(1995).

Habitat 3 (m2 s–3) h (mm) hb (mm)

Open ocean 10–10 to 10–6 1003–10030 25–248

Shelf seas 10–7 to 10–6 1003–1784 25–44

Coastal zones 10–7 to 10–4 317–1784 8–44

Tidal fronts 10–5 564 14
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rates on average (w10–7 m2 s–3; Oakey 1985; MacKenzie

and Leggett 1993; Skyllingstad et al. 1999). Different

regions of the ocean experience characteristic ranges

of 3 (Table 1).

[6] The scale of the smallest turbulent eddies

depends on 3 and occurs on approximately the

Kolmogorov length scale, or h (Z!n33L1"1=4), where n is

the kinematic viscosity of water (m2 s–1; see Table 2 for

this and other parameter values). Greater dissipation

rates are associated with smaller turbulent eddies

(Table 1, Fig. 1), with w2000 mm being the scale typical

of the surface ocean mixed layer (based on

3Z10L7 m2 sL3). In comparison, the equivalent

spherical diameter of diatoms varies from w2 to

200 mm, though colonies of cells such as chains

and mats can be much larger. When viewed in this

perspective, only the largest cells or colonies approach

the size of the smallest turbulent motions (Fig. 1), which

suggests that turbulence has no effect on phytoplankton

nutrient uptake. However, the diffusion-limited

resource concentration boundary layers enveloping phy-

toplankton are generally much larger than the cells

themselves (Fig. 2). These concentration boundary

layers are generated when nutrient uptake reduces the

nutrient concentration at the cell surface below that

of the bulk medium, establishing a concentration

gradient maintained by diffusion, and extend outward

approximately one cell radius or much more from the

cell surface (Wolf-Gladrow and Riebesell 1997; Raven

1998). As fine-scale turbulent eddies and associated

Table 2 Parameter values, where allometric traits (mmax
i , Vmax

i , Qmin
i , and ki) scale with cell volume.

Symbol Parameter Units Value

N Nutrient concentration mmol N m–3

Xi Number density cells m–3

Pi Biomass mmol N m–3

Qi Internal quota mmol N cell–1

mi Growth rate d–1

mmax
i Maximum growth rate d–1 3:49VolK0:15 a

Vmax
i Maximum uptake rate mmol N cell–1 d–1 9.10 · 10K9Vol0:67 b

Qmin
i Minimum internal quota mmol N cell–1 1.36 · 10K9Vol0:77 b

ki Half-saturation nutrient concentration mmol N m–3 0:17Vol0:27 b

kTi Turbulent half-saturation nutrient concentration mmol N m–3 k!Sh"K1

R#
i Minimum subsistence nutrient concentration mmol N m–3

a Nutrient affinity m3 cell–1 d–1 Vmax
i !kTi "K1

d Dilution rate d–1 0.1

mz Implicit clearance rate m3 cell–1 d–1 10–10 to 10–8

No Input nutrient concentration mmol N m–3 8.0 · 103

r Cell radius mm 0.5–100

Sh Sherwood number —

Pe Péclet number —

3 Turbulent kinetic energy dissipation rate m2 s–3 10–10 to 10–4

3h Average 3 in mixed layer m2 s–3

n Kinematic viscosity of water m2 s–1 1.004 · 10–6 c

D Molecular diffusivity (phosphate) m2 s–1 6.12 · 10–10 c

CD Drag coefficient — 0.0015 d

ra Density of air at sea level kg m–3 1.2

rw Density of surface sea water kg m–3 1025

k Von Kármán constant — 0.41 e

z Depth m

h Mixed layer depth m

a Tang (1995).
b Litchman et al. (2007).
c Metcalfe et al. (2004).
d Kara et al. (2007)
e Högström (1985).
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linear velocity shear begin to erode and distort this

concentration boundary layer around larger cells, the

inward diffusive flux of nutrients increases (Fig. 2;

Pasciak and Gavis 1975; Lazier and Mann 1989;

Karp-Boss et al. 1996). In contrast, small cells and

their concentration boundary layers are much smaller

than h, so the cells remain relatively unaffected by tur-

bulence. In all cases, the direct eddy transfer of nutrients

to the cell surface is minimal due to the strong viscous

dissipation on this scale associated with small Reynolds

numbers (Karp-Boss et al. 1996).

[7] Whereas our study focuses principally on the

ecological effect of turbulent distortion of cell concen-

tration boundary layers, variations in nutrient concen-

trations can also occur at length scales substantially

below the Kolmogorov scale. Turbulent stirring stretches

nutrient patches into thin filaments, which are then dif-

fused (Taylor and Stocker 2012). The length scale of

these stirred filaments is termed the Batchelor scale, or

hb !Z!nD23L1"1=4", where D is the molecular diffusivity of

the solute (m2 s–1). hb is w10–250 mm, with higher

turbulence driving heterogeneities on smaller scales

(Karp-Boss et al. 1996). Hence, there is significant over-

lap between the length scales of stirred filaments and

much of the phytoplankton size spectrum (Fig. 1),

and variations in these scales have the potential to affect

marine ecosystems. For example, motile microbes are

able swim toward nutrient-rich filaments, gaining a

competitive advantage over their nonmotile competitors

in environments of intermediate turbulence (Taylor and

Stocker 2012).

[8] Thus, variations in the turbulent flow field (h)

affect the largest cells and colonies and their concen-

tration boundary layers at high turbulence, and
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Fig. 1 Length scale for the smallest turbulent eddies (Kolmogorov scale h, mm)
and smallest nutrient variations caused by stirring (Batchelor scale hb, mm)
for turbulent kinetic energy dissipation rates (log10 3, m

2 s–3) characteristic of a
range of surface ocean habitats and conditions. As 3 increases, both h

(Z!n33K1"1=4) and hb (Z!nD23K1"1=4) decrease in size, and successively smaller
size scales are affected by turbulent fluid motion and associated heterogeneities in
the nutrient field.

Strong shear

A Strong turbulence

B Weak turbulence

Weak shear

rS<< "

rL<< " 

rS<< "

rL ! "

Fig. 2 Schematic of large (rL) and small (rS) phytoplankton cells (green circles)
in strong (A) and weak (B) turbulence. A nutrient-depleted concentration boundary
layer develops around the cells that has a thickness comparable to or larger than
the cell radius (solid black line around the cells). Diffusion delivers nutrients from
the replete background, through the depleted concentration boundary layer, to the
cell surface (dashed black arrows). In strong turbulence (A), turbulent eddies have
smaller horizontal scales, h, and cells experience stronger linear shear (blue
arrows). Here, the horizontal scale of turbulent eddies approaches that of large
phytoplankton cells and their concentration boundary layers, rLwh. The concen-
tration boundary layer around larger cells is deformed, enhancing the effective
diffusive supply of nutrients, whereas the concentration boundary layer of smaller
cells remains unaffected (rS/h). In weak turbulence with weaker linear shear
(B), both small and large cells and their concentration boundary layers are much
smaller than the scale of the smallest turbulent eddy, (rS; rL/h), and uptake is
unaffected by turbulence.
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stirring-driven variations in the nutrient field (hb) are

comparable to a wider range of phytoplankton cell sizes.

In this article we demonstrate that, while the increase in

nutrient flux due to naturally occurring levels of turbu-

lence is modest (e.g., Pasciak and Gavis 1975), this

enhancement can become ecologically important when

the combined effects of zooplankton grazing and turbu-

lence are considered.

The Effect of Turbulence on Nutrient Uptake Rates

[9] Fine-scale turbulence affects the flux of nutrients

toward the cell and subsequent uptake (see parameter-

izations by Metcalfe et al. 2004; Peters et al. 2006). Small

cells are largely unaffected because they are substantially

smaller than the scales of turbulent motion, whereas

for larger cells uptake increases with turbulence at low

resource concentrations and saturates at high resource

concentrations.

[10] Nutrient uptake (V , mmol N cell–1 d–1)

in phytoplankton is typically approximated as a

Michaelis–Menten saturating function of nutrient

concentration (N , mmol N m–3):

V ZVmax N

NDk
; !1"

where k (mmol N m–3) is the half-saturation nutrient

concentration and Vmax (mmol N cell–1 d–1) is the maxi-

mum possible uptake rate for a given cell (Pasciak and

Gavis 1974; Armstrong 2008; Ward et al. 2011). With

abundant nutrients (N[k), VzVmax. Vmax is inde-

pendent of turbulence because it is determined by the

physiological properties of the cell (Aksnes and Egge

1991; Aksnes and Cao 2011). Uptake in this limit

is constrained by the rate of cross-membrane transport

rather than the flux of nutrients toward the cell, and

thus turbulence does not affect uptake.

[11] In contrast, at lowN (N/k),VzVmaxkL1N.

Uptake increases linearly with N with a slope of the

resource affinity, or a (ZVmaxkL1; m3 cell–1 d–1). Uptake

for all but the very smallest cells is no longer limited by

cross-membrane transport but instead by the flux of

nutrients toward the cell. Turbulence increases this

effective diffusive flux, which is parameterized by

increasing affinity by a factor of Sh, the nondimensional

Sherwood number (the ratio of the total flux to the

diffusive flux; see the Appendix for further explanation;

Metcalfe et al. 2004; Peters et al. 2006). In our model,

we achieved this increase in nutrient affinity by calculat-

ing a modified turbulent half-saturation concentration

(kT) for each phytoplankton and level of turbulence:

kT Z kShL1: !2"

[12] We calculated Sh (and subsequently kT) for a

range of cell radii and 3 following Karp-Boss et al.

(1996), who developed formulas for Sh as a function

of the turbulent Péclet number, Pe. Pe describes the

relative importance of advective and diffusive flux of

nutrients to the cell, PeZ r2DL1!3nL1"1=2, where r is the
cell radius. For Pe%0:01, ShZ1D0:29Pe1=2; for

PeR100, ShZ0:55Pe1=3; for 0:01!Pe!100, Sh is the

mean of 1:014D0:150Pe1=2 and 0:955D0:344Pe1=3. Pe,

and consequently Sh, increases with cell size and 3, thus

indicating that the flux of nutrients toward the cell is

enhanced by turbulent motion (Fig. 3). For example, the

delivery of nutrients to the surface of a 100-mm radius

cell increases by a factor of w3 from a low- to high-

turbulence environment (Fig. 3). For lower turbulence

levels and smaller cell sizes, the increase in nutrient

delivery is smaller, and it becomes negligible (Shz1)

for small cells or in quiescent conditions (Karp-Boss

et al. 1996; Mann and Lazier 1996). For turbulence

levels characteristic of the open ocean surface (w10–7

m2 s–3), the increase is modest but may still be impor-

tant under certain ecological conditions.
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Fig. 3 Sherwood number Sh for a range of cell radii (mm) and turbulent
dissipation rates (log10 3, m

2 s–3). Sh increases with phytoplankton cell size
and turbulence but is close to 1 for small cells or in quiescent environments.
Sh was calculated following Karp-Boss et al. (1996).
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Methods

Modeling the Combined Effects of Turbulence and Grazing

on Phytoplankton Communities

[13] We incorporate the parameterization for nutrient

uptake (Eq. 2) into a size-structured phytoplankton

community model and examine the combined ecologi-

cal effects of fine-scale turbulence and zooplankton

grazing for a range of turbulence and grazing regimes.

The model includes i phytoplankton types (Xi, cells

m–3) competing for one limiting resource (N , mmol N

m–3) in a chemostat-like environment. In all model

simulations, we use 40 phytoplankton sizes, with radii

distributed uniformly in log space from 0.5 to 100 mm.

The model considers spherical, nonmotile photoauto-

trophs, possible analogues for important marine phyto-

plankton groups such as cyanobacteria, picoeukaryotes,

coccolithophorids, and diatoms. The model does not

represent cellular motility, gravitational sinking, and

other trophic strategies (e.g., Barton et al. 2013). Cell

growth is a function of internal nutrient quota (Qi,

mmol N cell–1), rather than environmental concen-

tration (Droop 1968). Nutrient uptake (Vi, mmol N

cell–1 d–1) follows Michaelis–Menten kinetics, as modi-

fied by turbulence, and the internal quota is depleted

through cellular growth (mi, d–1). Cells are lost by

dilution (d, d–1) and grazing (mz, m
3 cell–1 d–1). We

have adopted a quadratic loss form of implicit grazing

not tied to turbulence, which is consistent with a system

where the predator–prey interaction is of the Holling II

form (Holling 1965), prey densities are low and limiting,

and the biomasses of the grazer and phytoplankton are

thus proportional. Though idealized, this form of

grazing focuses losses to zooplankton grazing on the

most abundant phytoplankton. The equations for cell

number density for each phytoplankton size (Xi), nutri-

ent quota (Qi), nutrient concentration (N), and growth

rate (mi) are

dXi

dt
Z miXi

|{z}
Growth

K mzX
2
i

|!{z!}
Implicit Grazing

K dXi

|{z}
Dilution

; !3"

dQi

dt
ZVmax

i
N

NCkTi
|!!!!!!!!!{z!!!!!!!!!}

Uptake

K miQi

|{z}
Growth

; !4"

dN

dt
Z d!NoKN"

|!!!!!!{z!!!!!!}
Nutrient Supply

K
X

i

Vmax
i

N

NCkTi
Xi

|!!!!!!!!!!!!!!!{z!!!!!!!!!!!!!!!}
Uptake

; !5"

mi Zmmax
i

"
1K

Qmin
i

Qi

#
: !6"

[14] The turbulent half-saturation nutrient

concentration, kTi , depends on turbulence, such that

kTi Zki!Shi;3"K1. The functional traits describing each

model phytoplankton—maximum potential growth

rate (mmax
i , d–1), minimum internal nutrient quota

(Qmin
i , mmol N cell–1), maximum nutrient uptake rate

(Vmax
i , mmol N cell–1 d–1), and half-saturation nutrient

concentration (ki, mmol N m–3)—scale with cell volume:

xZbVola, where allometric coefficients a and b are

taken from Tang (1995) and Litchman et al. (2007),

and Vol is cell volume. Nutrient input concentration

(No, mmol N m–3) is constant in the chemostat. Phyto-

plankton biomass (Pi, mmol N m–3) is XiQi. We

implement the model in an idealized, well-mixed

box with constant dilution rate (d) and assume that

light does not limit growth. The supply of nutrients,

d!NoKN", does not depend upon turbulence. We

explore the system sensitivity to a range of grazing

regimes by varying mz , from relatively weak to strong

top-down pressure. The values for mz fall centrally

within the range of observed zooplankton clearance

rates (Kiørboe 2011), assuming a predator/prey abun-

dance ratio ofw1:1000 (following on Agustı́ et al. 1987;

Hansen et al. 1994). See Table 2 for model parameters.

[15] We diagnose the minimum equilibrium

nutrient concentration at which growth and loss process-

es exactly balance for each phytoplankton type, or R*
i

(Tilman 1981; Dutkiewicz et al. 2009; Ward et al. 2011).

R*
i offers insight on the relative fitness at equilibrium of

each cell size for each turbulence and grazing level and is

diagnosed from Eq. 4 by setting d
dtZ0 and rearranging:

R*
i Z

m*
i Q

*
i k

T
i

Vmax
i Km*

i Q
*
i

: !7"

[16] We use values of Q*
i and m*

i after 100 yr

of model integration (where the asterisk denotes the

equilibrium value). With a single resource, cell sizes
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with higher R*
i will ultimately be excluded by those with

lower R*
i , and species with equal R*

i can coexist in this

model (Barton et al. 2010).

Estimating Turbulent Kinetic Energy Dissipation Rates

in the Ocean Surface

[17] TKE in the open ocean is primarily input from

the wind and is rapidly dissipated locally; only a very

small part of this energy input by the wind is converted

into potential energy and aids the thickening of

the mixed layer (Denman 1973; Kullenberg 1976).

Based on this balance between the winds and local dis-

sipation, the vertical profile of 3 can be diagnosed from

observed surface wind speed by using an established

closure (Denman 1973; Oakey 1985; MacKenzie and

Leggett 1993):

3!z"Z !ra
rw

CD"3=2
U3

10

kz
; !8"

where U10 is the wind speed at 10 m above sea level, ra
is the density of air at sea level pressure, rw is the density

of surface seawater, CD is the drag coefficient, k is the

Von Kármán constant, and z is the depth below sea level.

This prediction for the 3 profile from the winds (Eq. 8)

agrees reasonably well with observations of 3 in the sur-

face ocean (MacKenzie and Leggett 1993), apart from in

deeply convective regimes, where surface buoyancy loss

becomes important in the TKE budget. By integrating 3

over the mixed layer thickness, h, the average 3 in the

mixed layer, 3h , is obtained:

3h Z
1

h
$
$0

Kh
3!z"dz%: !9"

[18] To calculate 3!z" profiles, monthly mean

surface winds (m s–1) were used from National Centers

for Environmental Prediction and National Center for

Atmospheric Research (NCEP/NCAR) Reanalyses

(Kalnay et al. 1996), where the wind speed has been

calculated at 6-h intervals and then averaged over

the month. 3!z" was then averaged over the mean

mixed layer depth, using the monthly climatology of

de Boyer Montégut et al. (2004).

[19] The total input of TKE from the wind and

the resulting dissipation is further decomposed into

components from the time-averaged and synoptic, or

eddy, wind. The total contribution of the wind to the

TKE budget is proportional to U3
10, and the synoptic

component is given by U3
10K!U10"3, where !U10"3 is
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Fig. 4 Equilibrium phytoplankton biomass (Log10 P, mmol N m–3) for each size
class (r, mm) and turbulence level (log10 3, m

2 s–3) for a range of zooplankton
grazing pressures (m3 cells–1 d–1): mzZ10K10 (A), mzZ10K9 (B), and mzZ
10K8 (C). The phytoplankton biomass is restricted to small cell sizes at low grazing
pressures but includes larger cells at higher grazing. White areas indicate com-
petitively excluded sizes (Xi!1 cell m–3), and the dashed white line indicates the
cell size (radius) with the highest biomass at each level of turbulence.
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the cube of the time-averaged wind speed (the overbar

represents a temporal averaging; see the Appendix for

further details). This decomposition provides insight

into the mechanisms controlling the variability in dissi-

pation rates experienced by phytoplankton.

Results

Model Experiments

[20] When integrating the phytoplankton community

model over a range of turbulence levels with relatively

weak grazing pressure (mzZ10K10 m3 cell–1 d–1;

Fig. 4A), only a few of the smallest size classes are

sustained and coexist for a given level of turbulence.

The small phytoplankton size classes have lower R*

values than larger phytoplankton for each level of tur-

bulence (Fig. 5A), and larger cells are ultimately com-

petitively excluded in model simulations. (Competitive

exclusion is defined here as Xi!1 cell m–3; white areas

in Fig. 4 indicate sizes that are excluded.) In this weak

grazing case, the size structure in R* originates largely

from the allometric differentiation of phytoplankton

traits (Qmin
i , ki, V

max
i , and mmax

i ). For a given cell size,

increasing turbulence lowers R* (from Eq. 7, recalling

that kTi Zki!Shi;3"K1), but this effect of turbulence is

small compared with gross differences in fitness between

large and small cells, so the larger cells are excluded at

equilibrium. In other words, this turbulence mechanism

plays a negligible role in the presence of weak top-down

grazing pressure on smaller phytoplankton.

[21] However, as grazing pressure on the more

abundant smaller cells increases (Fig. 4B,C), additional

larger size classes coexist with the smaller cell sizes. This

coexistence is reflected in the greater number of size

classes with equivalent R*
i at each level of turbulence

(Fig. 5B,C). The large increase in R* with increased

grazing for small cells can be understood in terms of

Eq. 7, where an increasing portion of nutrients taken

up by the phytoplankton population is lost to predators

(the quantity Vmax
i Km*

i Q
*
i decreases). In effect, grazing

in the model minimizes the competitive advantages that

smaller cells have over large phytoplankton. The effect

of turbulence on equilibrium ecosystem structure is also

more apparent. For example, an increase in 3 from 10–10

to 10–4 m2 s–3 (e.g., from calm to turbulent conditions)

in the presence of strong grazing pressure (mzZ10K8 m3

cell–1 d–1) enables even the largest cell sizes to coexist

with smaller cells, and the radius of the dominant model

phytoplankton, in terms of biomass, becomes w20 mm

larger (Fig. 4C). Increasing turbulence lowers the
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Fig. 5 Equilibrium minimum subsistence nutrient concentration, R* (log10 R*

mmol N m–3), for each size class (r, mm) and turbulence level (log10 3, m
2 s–3) for

a range of zooplankton grazing pressures (m3 cells–1 d–1):mzZ10K10 (A),mzZ
10K9 (B), andmzZ10K8 (C). Sizes to the left of the dashed white line have equal
R* and coexist, while sizes to the right have higher R* and are competitively
excluded. For a given cell size, increasing turbulent dissipation rate 3 decreases R*

and so alters the equilibrium community structure.
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effective R*
i for larger cells to a greater extent than for

smaller cells, because of the dependence of R*
i on tur-

bulent half-saturation concentration kTi . Thus, our

model experiments suggest that turbulence may play a

quantitative, ecological role in the ocean where top-

down pressure is strong and turbulence is high. This

strong top-down control of small phytoplankton has

been observed in a range of habitats in the ocean, par-

ticularly in stratified waters, where growth of small phy-

toplankton is nearly balanced by zooplankton grazing

(Lessard and Murrell 1998; Landry et al. 2000; Cáceres

et al. 2013).

Linking Estimated Turbulent Kinetic Energy Dissipation

Rates to Model Results

[22] Our model experiments suggest that for relatively

high turbulent dissipation rates (qualitatively defined

here as 3w10K7 m2 s–3), phytoplankton nutrient uptake

and community structure begin to be affected, whereas

communities are largely unaffected at low levels of

turbulence. Characteristic turbulent dissipation rates

experienced by phytoplankton in a well-mixed surface

layer in the open ocean are presented in Fig. 6.

[23] In summer and winter, the average 3 in

the mixed layer is greatest in zones of intense mid-

latitude westerly and lower-latitude trade winds

(3hw10K7 to 10K6 m2 s–3) and weakest within the

core of the subtropical gyre (3hw10K8 m2 s–3; Fig. 6A,

D). TKE dissipation due to time-averaged winds is

enhanced along the path of the westerly winds at mid-

latitudes and the easterly trade winds at lower latitudes

(Fig. 6B,E). The maxima in 3 due to the time-averaged

winds is less marked beneath the westerly winds at mid-

latitudes due to the thicker mixed layer diluting the

turbulence, compared with larger values beneath the

trade winds. The eddy contribution represents the effect

of daily variations in the wind, particularly including the

passage of synoptic-scale weather systems. The eddy

contribution is particularly dominant along the westerly

wind belt at mid-latitudes (Fig. 6C,F), extending over

the northern flank of the subtropical gyre and much of

the subpolar gyre. Here, much of the turbulent dissipa-

tion experienced by phytoplankton is input by synoptic

events rather than the time-averaged winds.

[24] These estimates of TKE dissipation rates

suggest that mean levels of turbulence in the surface
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Fig. 6 Average turbulent kinetic energy dissipation rates in the mixed layer (log10 3h , m
2 s–3) due to the total (A, D), time-averaged (B, E), and eddy, or synoptic,

components (C, F) of the wind for February (A–C) and August (D–F).
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ocean can approach magnitudes that affect phytoplank-

ton community structure. This is particularly true in the

North Atlantic subpolar gyre and trade wind belt, where

the turbulent dissipation is driven principally by eddy

and mean winds, respectively. Although these estimates

indicate regions of generally low or high mean 3, obser-

vations indicate that 3 is quite variable and may be much

higher or lower than mean values at a given time

(Skyllingstad et al. 1999; D’Asaro et al. 2011).

Discussion

[25] A wide range of phytoplankton cell sizes typically

coexist in the ocean, although the mechanisms that

maintain this diversity of size are not well understood.

In general, smaller phytoplankton are more effective

gleaners of scarce resources than larger cells, whose

growth is often limited by the diffusion of nutrients

toward the cell surface (Raven 1998). The results of

this study indicate that the presence of large cells may

be enhanced by the combined effects of grazing and

turbulence. Fine-scale fluid turbulence has been shown

to enhance the flux of nutrients to the cell surface, pri-

marily by distorting the shape of the diffusive concen-

tration boundary layer surrounding cells, and thereby

increasing a cell’s resource affinity. The resulting

enhanced uptake is most pronounced for large cells in

strong turbulence (Karp-Boss et al. 1996; Metcalfe et al.

2004; Peters et al. 2006). Hence, turbulence may provide

a mechanism by which larger cells can compete with

smaller cells under certain conditions.
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(black contours shown are Log10 of 10
2, 103, and 104 mmol m-3 of nitrate). Three regions are identified for February (B) and August (D): low nitrate (N! 102 mmol m-3)

and high turbulence (3h O10-7 m2 s-3), shown in red; low nitrate (N !102 mmol m-3) and low turbulence (3h !10-7 m2 s-3), shown in light blue; high nitrate
(NO102 mmol m-3), shown in dark blue. The availability of nitrate, a key macronutrient for many phytoplankton, is determined from the World Ocean Atlas 2009 (Garcia
et al. 2010) and is presented in units of micromoles per cubic meter for consistency with Figs. 4 and 5.
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[26] When nutrients are abundant (i.e., N[k),

such as in coastal upwelling zones or during the spring

bloom in subpolar seas, the direct effect of fine-scale

turbulence on nutrient uptake and community structure

is likely to be minimal (e.g., dark blue areas in Fig. 7B,

D). The lack of sensitivity to turbulence arises because

uptake in these nutrient-replete conditions is con-

strained by the maximum rate of cross-membrane trans-

port (Vmax) or maximum specific growth rate (mmax),

rather than the flux of nutrients toward the cell. Instead,

cells exhibiting high volume-specific uptake or specific

growth rates, such as small eukaryotes and diatoms

(Edwards et al. 2012), have an advantage in bloom con-

ditions. Indeed, these opportunists have been observed

to dominate the beginning of phytoplankton blooms in

temperate seas (Cushing 1989; Taylor et al. 1993).

[27] In contrast, when nutrients are scarce (i.e.,

N/k), such as in stratified subtropical and post-

bloom subpolar seas, uptake for large cells can be

enhanced by turbulence (Fig. 7A,C). The effect on com-

munity structure is mediated by the strength and form

of grazing pressure. With weak grazing pressure, the

smaller cells always outcompete larger cells because

smaller phytoplankton are able to draw the ambient

nutrient concentration to lower levels at which larger

sizes cannot compete (Figs. 4A, 5A). The uptake benefit

of fine-scale turbulence for larger cells is not enough to

compensate for the gross differences in resource uptake

conferred by smaller cell size. Indeed, observations

(Tarran et al. 2006) and models (Dutkiewicz et al.

2009; Ward et al. 2012) have shown that smaller cells

proliferate in these oligotrophic situations.

[28] However, as grazing pressure increases

(Figs. 4B,C, 5B,C), the number and size range of coex-

isting species increase because zooplankton grazing

prevents the smaller cell sizes from consuming all the

available resources (Armstrong 1994; Ward et al. 2012).

Because of the nonlinear dependence of mortality on

prey density, the advantage gained from high affinities

by smaller cells is offset by top-down grazing pressure.

The importance of turbulence in regulating community

structure also increases as grazing pressure increases.

With increasing turbulence, the equilibrium biomass

of larger cell sizes increases due to the increased nutrient

supply from turbulence. The increased turbulence can

also mean the difference between competitive exclusion

and survival for a larger cell.

Significance to Aquatic Environments

[29] We hypothesize that fine-scale turbulence plays

an ecological role in regions with relatively low nutrient

levels, well-established predator populations, and rela-

tively high TKE dissipation rates (3) in the mixed layer

(e.g., red areas in Fig. 7B,D). In these regions, where

zooplankton grazing often balances or exceeds phyto-

plankton growth (Lessard and Murrell 1998; Landry

et al. 2000; Cáceres et al. 2013), the high average dissi-

pation rates provide an important increase in fitness for

larger cells and may help explain the observed persis-

tence of large cells in apparently unfavorable habitats

(e.g., Cermeño et al. 2006). In contrast, this turbulent

mechanism may be less important in regions with simi-

larly low nutrient conditions and established predator

populations but relatively low 3 (e.g., light blue areas in

Fig. 7B,D). Along a meridional transect through the

North Atlantic at 428 W (Fig. 8), our model results

and analysis of turbulence in the surface ocean suggest

that the turbulent uptake mechanism affects phyto-

plankton community structure most strongly where

the nutricline is deep, surface nutrient concentrations

are low, and TKE inputs to the surface ocean are high.

[30] Although our estimates of 3 reflect mean

conditions in the mixed layer, 3 can vary dramatically

through time due to the passage of eddies, fronts, and

synoptic events such as weather systems and storms

(MacKenzie and Leggett 1993; Skyllingstad et al.

1999). This is particularly true in regions where wind

inputs to TKE are dominated by synoptic-scale weather

systems, such as in the high and mid-latitudes (Fig. 6).

This temporal variability in turbulence has several

potential ecological implications. First, even within

oligotrophic regions with deep nutriclines and generally

lower turbulence (e.g., light blue areas in Fig. 7B,D),

dissipation rates may intermittently reach levels at

which turbulence may play an important ecological

role. Since phytoplankton growth time scales are similar

to the time scales of periodically enhanced turbulence,

we hypothesize that fine-scale turbulence may provide a

critical, if intermittent, increase in fitness for larger cells

in regions with generally low turbulence, aiding the
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long-term survival of a small background population of

large cells. Second, within low-nutrient regions of rela-

tively high turbulence, such as the subpolar gyre in sum-

mer, turbulent dissipation in the surface ocean is

strongly tied to the passage of synoptic-scale weather

systems (Fig. 6C,F). Here, the passage of storms in sum-

mer may aid the survival of larger cells, even if surface

nutrient concentrations remain low. Last, observations

suggest that patches or layers of higher dissipation rates

may exist within the mixed layer (Gregg and Horne

2009; Smyth et al. 2013) and may provide an important,

if localized and short-lived, increase in fitness for larger

cells. In a broader sense, the intermittency of TKE inputs

and spatial heterogeneity in dissipation rates in the sur-

face ocean may prevent the phytoplankton community

from reaching competitive equilibrium, long postulated

as a means of supporting phytoplankton diversity

(Hutchinson 1961).

[31] It is also interesting to speculate on whether

or not this turbulent mechanism may favor formation of

large colonies of cells, such as chains or mats. Though

we have considered only single, spherical cells, large

aggregates of cells could, depending on their geometry

and behavior, benefit from increased inward nutrient

flux. Colonies, however, must trade off the advantages

of turbulence with the decreased nutrient uptake per cell
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Fig. 8 Estimated annual mean turbulent kinetic energy (TKE) dissipation rates, averaged over the mixed layer (log10 3h , m
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surface nitrate concentration (log10 mmol m
–3; blue line) along a meridional transect through the North Atlantic Ocean at 428 W. The lower panel shows the meridional

depth section of observed nitrate along 428 W and indicates that the nutricline is deepest in the subtropical gyre and that it shoals somewhat near the equator and greatly
in the subpolar gyre. Anticipated transitions between surface phytoplankton communities, conceptualized here by small and large green circles representing small and large
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we propose that high turbulence helps sustain and enhance populations of large cells. The availability of nitrate is determined from the World Ocean Atlas 2009 (Garcia
et al. 2010), and 3 is diagnosed as in Figs. 6 and 7.
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associated with reduced nutrient uptake area (Pahlow

et al. 1997). In addition, turbulence mediates predator–

prey encounter rates and zooplankton behaviors

(Metcalfe et al. 2004; Kiørboe 2008; Mariani et al.

2013), which may provide a further link between

turbulence and phytoplankton community structure.

Although our model is most relevant to nonmotile

phytoplankton, many types of phytoplankton are

motile, and the ecological and biogeochemical conse-

quences of this behavior in turbulent fluids are still

being revealed (e.g., Durham et al. 2009; Taylor and

Stocker 2012).

[32] We suggest that the ecological effects of tur-

bulence on phytoplankton nutrient uptake and commu-

nity structure can be evaluated and separated from other

processes by combining field measurements of plankton

community structure, TKE dissipation rates (3), and

resource levels (nitrogen, phosphorus, and others).

Ongoing field campaigns passing through a range of

turbulence and nutrient regimes, such as the Atlantic

Meridional Transect program (Robinson et al. 2006),

have the potential to identify transitions in phytoplank-

ton community structure driven by turbulence and thus

evaluate the hypotheses presented here (e.g., Fig. 8).

Fine-scale fluid turbulence is a ubiquitous aspect of

life in the surface ocean and affects the fluid micro-

environments and nutrient uptake of phytoplankton

in a manner dependent on their cell size. Our study

suggests that fine-scale fluid turbulence has the potential

to affect phytoplankton community size structure in the

ocean and may help to explain how large cells are sus-

tained within apparently unfavorable environments.
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Appendix

Parameterization for Nutrient Uptake in Turbulent

Conditions

[A1] The reduction of half-saturation concentration (k)

or, alternatively, an increase in affinity (a) with increas-

ing turbulence can be understood further by equating

the rates of nutrient uptake for a cell in turbulent and

still conditions. If a cell takes up all nutrients arriving at

its surface immediately, then the nutrient uptake is

VZ4prDN (Berg and Purcell 1977), where r is the

cell radius and N is the ambient nutrient concentration.

In the presence of turbulent motion, the enhanced

uptake rate is VTZ4prDShN, where Sh is the nondi-

mensional Sherwood number (Karp-Boss et al. 1996). In

essence, turbulence increases the effective diffusion

toward the cell. We incorporate the Sherwood number

into the modified turbulent half-saturation concen-

tration, kT , by noting that Vmax is equal in still and

turbulent conditions and that NZk when VZ 1
2V

max:

!4prDShkT"turb Z Vmax

2
Z !4prDk"still: !A1"

Rearranging Eq. A1, we see that the turbulent half-

saturation nutrient concentration is

kT Z kShK1: !A2"

Therefore, turbulence decreases k by a factor of ShK1

(alternatively, a increases by a factor of Sh) and allows

cells to reach uptake saturation at lower resource con-

centrations (Metcalfe et al. 2004; Peters et al. 2006).

Estimating Turbulent Kinetic Energy Dissipation Rates

in the Surface Ocean

[A2] The input of TKE from the wind and the resulting

dissipation can be decomposed into mean and eddy,

or synoptic, components. For each location, the time-

varying wind, U10!x; t", is separated into a time mean,

U10!x", and a time-varying eddy contribution,

U 0
10!x; t"ZU10!x; t"KU10!x", such that U 0

10!x; t"h0.

The input of TKE and resulting dissipation is pro-

portional to the cube of the time-varying wind, using

U3
10!x; t" in Eq. 8, which is estimated over each month by

summing the contributions from 6-h values (Fig. 6A,D).
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[A3] To estimate the contribution from the time

mean wind, the input of TKE and resulting dissipation

are instead estimated using !U10!x""3 in Eq. 8. We cal-

culate the time mean wind, U10!x", by averaging NCEP/
NCAR meridional and zonal wind vectors (u; v) over

the month and then calculating a monthly average

wind speed, U10!x"Z !u2Cv2"1=2. The eddy contri-

bution to the input of TKE and resulting dissipation is

then based on the estimate using the time-varying

wind minus the estimate using the time mean wind,

U3
10!x; t"K!U10!x""3.
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