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Abstract. The nutrient-rich waters of the Amazon River
plume (ARP) support dense blooms of diatom-diazotroph
assemblages (DDAs) that introduce large quantities of new
nitrogen to the planktonic ecosystem and, unlike other
nitrogen-fixers, are likely to directly fuel vertical carbon flux.
To investigate the factors controlling DDA blooms, we de-
velop a five phytoplankton (cyanobacteria, diatoms, unicellu-
lar microbial diazotrophs, DDAs, andTrichodesmium), two
zooplankton model and embed it within a 1/6◦ resolution
physical model of the tropical and subtropical Atlantic. The
model generates realistic DDA blooms in the ARP and also
exhibits basin-wide primary production, nitrogen fixation,
and grazing rates consistent with observed values. By fol-
lowing ARP water parcels with synthetic Lagrangian drifters
released at the river mouth we are able to assess the relative
impacts of grazing, nutrient supply, and physical forcing on
DDA bloom formation. DDA bloom formation is stimulated
in the nitrogen-poor and silica-rich water of the ARP by de-
creases in grazing pressure when mesozooplankton (which
co-occur in high densities with coastal diatom blooms) con-
centrations decrease. Bloom termination is driven primarily
by silica limitation of the DDAs. In agreement with in situ
data, this net growth niche for DDAs exists in a salinity range
from ∼ 20–34 PSU, although this co-occurrence is coinci-
dental rather than causative. Because net growth rates are
relatively modest, bloom formation in ARP water parcels de-
pends critically on the time spent in this ideal habitat, with
high DDA biomass only occurring when water parcels spent
> 23 days in the optimal habitat niche.

1 Introduction

The Amazon River discharges 1.93× 105 m3 s−1 (Perry et
al., 1996) of nutrient-rich freshwater into the western trop-
ical North Atlantic. This low-salinity water forms a surface

plume of up to 1.2× 106 km2 that can extend greater than
3000 km from the river mouth (Hu et al., 2004) and sup-
ports a successional series of phytoplankton communities
within the gradient from rich coastal waters to oligotrophic
offshore regions where the plume dissipates into the tropi-
cal and subtropical Atlantic. Subramaniam et al. (2008) de-
fined three regions within the plume (oligohaline, mesoha-
line, and oceanic) each supporting distinct phytoplankton
assemblages. The eutrophic oligohaline region supported a
community of coastal diatom species concentrated near the
surface due to the low light transmission within the plume.
The coastal diatoms transitioned to diatom-diazotroph as-
semblages (DDAs) in the mesohaline waters, presumably
due to nitrate depletion, leading to high N2-fixation (Nfix)
and carbon export rates. Offshore, in the oceanic regions, the
DDAs were replaced by a typical oceanic phytoplankton dis-
tribution with Trichodesmiumdominating the N2-fixing as-
semblage and significantly reduced Nfix rates. Subramaniam
et al. (2008) attribute this successional cycle to a series of
bottom-up controls of the phytoplankton community.

While this bottom-up, or nutrient supply, control mecha-
nism is plausible and consistent with in situ patterns, it does
not explain the dominance of DDAs over unicellular micro-
bial diazotrophs (UMDs) in the plume. An alternative hy-
pothesis would state that top-down, or grazing, control of
UMDs by protozoa offers DDAs a competitive advantage
in the low-nitrogen mesohaline waters. Furthermore, high
mesozooplankton grazing pressure may be necessary to con-
trol populations of DDAs in the coastal regions, while DDAs
may be outcompeted by the relatively grazer-resistantTri-
chodesmiumin the oceanic regions where growth rates of all
diazotrophs are likely lower.

Regardless of the ecological mechanisms promoting
their growth, Nfix by DDAs (rather than UMDs andTri-
chodesmium) in the plume may lead to vastly different fates
for the nitrogen and carbon they fix. DDAs are non-obligate
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endosymbioses between diatoms from several different gen-
era (includingHemiaulus, Rhizosolenia, and Chaetoceros)
and diazotrophic cyanobacteria. The diatom hosts and the
cyanobacterial symbionts can be found free-living in the
ocean, and horizontal transfer between cells and vertical
transmission from host to daughter cell are both common.
When in association, the diazotrophs (e.g.Richelia and
Calothrix) typically fix N2 from within heterocystous cells
that appear to be localized in different regions of the diatom
depending on the host species (Foster and O’Mullan, 2008).
DDAs have been found throughout the oceans (Foster and
O’Mullan, 2008), but were found at their highest concentra-
tions in the ARP (Carpenter et al., 1999; Subramaniam et
al., 2008). Nitrogen isotopes and analysis of sediment cores
also suggest that they may play an increased role in global
biogeochemistry during stratified oceanic periods (Kemp and
Villareal, 2013).

Unlike Trichodesmiumand typical UMDs (such asCro-
cosphaera), siliceous DDAs are significantly denser than wa-
ter and hence likely to sink out of the euphotic zone, either as
individual cells, aggregates, or after grazing and packaging
into fecal pellets. Their presence thus may catalyze the export
of carbon to deeper depths. The mesohaline region character-
ized by DDA blooms has been found to have higher rates of
carbon export and dissolved inorganic carbon (DIC) draw-
down (Cooley and Yager, 2006; Subramaniam et al., 2008).
Despite this potentially important and unique biogeochemi-
cal role for DDAs, biogeochemical models that incorporate
diazotrophy have primarily focused solely onTrichodesmium
(Coles and Hood, 2007; Hood et al., 2004; Moore et al.,
2006; Yoshikawa et al., 2013). An interesting exception to
this pattern was made by Monteiro et al. (2010), who stud-
ied the competition between 78 species of randomly gen-
erated phytoplankton including three classes of diazotrophs
representingTrichodesmium, DDAs, and UMDs. The authors
noted, however, that their model did not appear to represent
DDAs as accurately asTrichodesmiumand UMD, however
validation data are sparse.

To investigate both the control mechanisms of ecologi-
cal succession and its biogeochemical effects in the Ama-
zon River plume (ARP) and tropical North Atlantic we cre-
ated a five-phytoplankton model (DIAZO; Diazotroph Inter-
actions with Algae and Zooplankton in the Ocean) and em-
bedded it within a detailed three-dimensional physical model
of the tropical and subtropical Atlantic (Coles et al., 2013).
We compare the model’s mean rates to measurements made
throughout the North Atlantic, but also focus specifically on
the model’s ability to replicate the DDA–salinity relation-
ships in the ARP found by Subramaniam et al. (2008). A
key feature of our work is the use of synthetic Lagrangian
drifters, which allow us to track parcels of river water as
they enter the Western Tropical North Atlantic and simulta-
neously determine DDA concentrations and growth and loss
rates. We show that DDA bloom dynamics are driven by the

interplay of top-down and bottom-up forcing with physically
driven dilution with oligotrophic water.

2 Methods

2.1 Numerical and physical framework

The DIAZO ecological model (explained below) was imple-
mented within a 1/6◦ Hybrid Coordinate Ocean Model (HY-
COM) physical framework extending from 15◦ S to 40◦ N.
Surface forcing from the European Centre for Medium-
Range Weather Forecasts reanalysis (ERA40) at 6-hourly in-
tervals and climatological mean river inputs were used to
force the model (Coles et al., 2013). The physical model was
spun up for 20 years before the DIAZO model was intro-
duced. Nutrient fields were initialized (and relaxed near the
model boundaries) according to the Polar Science Center Hy-
drographic Climatology (Steele et al., 2001). The ecological
model was implemented using a positive definite backward-
Euler numerical scheme and spun up for 20 years (1979–
1998), then run again from 1979 to 1998, with this second
set of 20 years analyzed for model outputs. 25 synthetic La-
grangian surface drifters (Halliwell and Garraffo, 2002) were
released in the model at random locations within a 500 km by
150 km band near the river mouth on the continental shelf ev-
ery five days and tracked for a period of 400 days (or until the
float ran aground).

Because growth kinetics of the mixed communities of
ARP phytoplankton taxa modeled in this study have not yet
been determined, we do not try to constrain our model using
specifically measured in situ or laboratory values. Rather, we
started with initial parameter values derived primarily from
the Coles et al. (2007)Trichodesmiumand PISCES (Aumont
et al., 2003) models and then tuned the parameters within
what we considered biologically realistic ranges until model
behavior approximated the ARP ecosystem (Supplement 1).

2.2 Ecological model construction

Our model (DIAZO; Diazotroph Interactions with Algae and
Zooplankton in the Ocean) contains three nutrients (N, P,
and Si), five phytoplankton (cyanobacteria –PCYA , unicellu-
lar microbial diazotrophs –PUMD , diatoms –PDTM , diatom-
diazotroph assemblages –PDDA , andTrichodesmium– PTri),
and two zooplankton (protozoans –ZS and mesozooplankton
– ZL). It also contains three detrital compartments: dissolved
and colloidal organic matter (DC), small detritus (DS), and
large detritus (DL). While all living compartments are as-
sumed to have fixed elemental stoichiometries, detrital pools
have variable stoichiometry (Fig. 1).

Our five phytoplankton communities include two pairs of
diazotroph-non-diazoatroph analogs (UMDs and Cya; DDAs
and Dtm). In the absence of evidence, we have taken the Oc-
cam’s razor approach and assume that our analog pairs be-
have identically with respect to grazing, light absorption, and
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nutrient kinetics. Our diazotroph-non-diazotroph analogs
thus differ only in their maximum growth rates (and of course
the non-diazotroph’s nitrogen requirement). Cyanobacterial
growth is given below, withα as the phytoplankton growth
efficiency (1-α is the fraction lost to DOC) and mP the phyto-
plankton mortality/respiration rate (for parameter values, see
Supplement 1).

dPCya

dt
= α · Ucya · PCya− mPS · PCya− GS,Cya · ZS (1)

GS,Cya is the grazing rate of protozoan zooplankton (Zs) on
cyanobacteria (explained in more detail below).Ucya is the
cyanobacterial nutrient uptake rate and is a function of light
(with photoinhibition near the surface), maximum growth
rate (µsmall), and nutrients. Nutrient limitation is modeled as
a Monod-type response to limitation by either dissolved inor-
ganic nitrogen (N) or dissolved inorganic phosphorus (DIP).

Ucya(N,DIP,I ) = µsmall·e
−I/IβPS ·

(
1− e−I/IPS

)
(2)

· min

(
N

KS,N + N
,

DIP

KS,P+ DIP

)
UMD growth is modeled similarly to cyanobacterial growth,
though we assume that nitrogen is no longer limiting, dia-
zotrophs have a higher N : P ratio than normal phytoplank-
ton, and that nitrogen-fixers have a lower maximum growth
rate (µsmall×ϑS) due to the increased energetic cost of fixing
N2, relative to utilizing NO−

3 or NH+

4 .

dPUMD

dt
= α ·VUMD ·PUMD −mPS·PUMD −GS,UMD ·ZS (3)

VUMD (DIP,I ) = µsmall · ϑS·e−I/IβPS (4)

·

(
1− e−I/IPS

)
·

DIP

KS,P+ DIP

Diatom growth is assumed to proceed with a higher max-
imum growth rate (µlarge) and a Si requirement. Diatoms
have an additional loss term associated with mesozooplank-
ton grazing (explained below).

dPDTM

dt
= α · UDTM · PDTM − mPL · PDTM (5)

− GS,Dia · ZS− GL,Dia · ZL

UDTM (N,DIP,Si,I ) = µlarge·e
−I/IβPL ·

(
1− e−I/IPL

)
(6)

· min

(
N

KL,N + N
,

DIP

KL,P+ DIP
,

Si

KSi + Si

)
Since the diatom hosts in DDAs are non-obligate sym-

bionts capable of growing in the absence of their diazotrophic
partners, DDAs are assumed to behave similarly to other
diatoms when DIN is relatively more abundant than Si or
DIP, though with a slightly reduced maximum growth rate

Figure 1. Model description. Model contains 19 biological com-
partments: Three nutrients (N, P, Si), five phytoplankton (cyanobac-
teria, Cya; unicellular microbial diazotrophs, UMDs; diatoms,
DTM; diatom-diazotroph assemblages, DDAs; andTrichodesmium,
Tri), two zooplankton (Protozoans,ZS; and mesozooplankton,ZL ),
and three detrital size classes (dissolved and colloidal detritus,DC;
small detritus,DS, and large detritus,DL ) each of which have three
different element pools (N, P, Si) to allow variable stoichiometry of
the detritus. Arrows depict model flows (transfer functions). Thin
black arrows are minor flows. Solid black arrows are flows of only
N and P. Hashed black arrows are flows of N, P, and Si.

(µlarge×ϑL). When DIN is limiting, DDAs continue to grow,
but at a much reduced maximum growth rate (µlarge× ϑNif ),
such that rates of change concerning DDAs are governed by
the equations:

dPDDA

dt
= α · VDDA · PDTM − mPL · PDDA (7)

− GS,DDA · ZS− GL,DDA · ZL

VDDA (N,DIP,Si,I ) = µlarge· ϑL ·e−I/IβPL (8)

·

(
1− e

−
I

IPL

)
· min

(
N

KL,N + N
,

DIP

KL,P+ DIP
,

Si

KSi + Si

)
+ µlarge· ϑNif ·e

−I/IβPL

·

(
1− e

−
I

IPL

)
·

(
min

(
DIP

KL,P+ DIP
,

Si

KSi + Si

)
−min

(
N

KL,N + N
,

DIP

KL,P+ DIP
,

Si

KSi + Si

))
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thus when nitrogen is not limiting,VDDA reduces toϑL ×

F (DIP, Si, I ) and in the limit asN approaches 0,VDDA re-
duces toϑNif × F (DIP, Si,I ), where

F (DIP,Si,I ) = µlarge·e
−I/IβPL ·

(
1− e

−
I

IPL

)
(9)

· min

(
DIP

KL,P+ DIP
,

Si

KSi + Si

)
.

As in Hood et al. (2001),Trichodesmiumis parameter-
ized with a lower growth rate (µTri) than the other phy-
toplankton, but without photoinhibition. Both protozoan
and metazoan zooplankton are assumed capable of ingest-
ing Trichodesmium, though both grazers are assumed to
preferentially graze smaller phytoplankton rather thanTri-
chodesmium.

dPTri

dt
= α · Vtri (DIP,I ) · PTri − mPT · PTri

− GS,Tri · ZS− GL,Tri · ZL

VTri (DIP,I ) = µTri ·

(
1− e−I/IPT

)
·

DIP

KT,P+ DIP
(10)

Protozoan zooplankton (ZS) are assigned a growth gross ef-
ficiency ofγS. They are assumed to be capable of consuming
each phytoplankton group with a maximum grazing rate on
the total community ofGS0. We assume preferential grazing
on smaller phytoplankton such that if all phytoplankton size
classes were equally abundant (with respect to biomass),GSS
(Cyanobacteria)> GSL (Diatoms)> GST (Trichodesmium).
We also assume that grazers cannot differentiate between
nitrogen-fixing and non-nitrogen-fixing phytoplankton of the
same size. Phytoplankton abundances with respect to grazing
preferences are assigned based on nitrogen biomasses. Pro-
tozoans are lost to grazing by mesozooplankton as well as a
linear mortality term.

dZS

dt
= γS · GTS· ZS− mZS · ZS− GL,Z · ZL (11)

Total Protozoan grazing is

GTS= GS,Cya+ GS,UMD ·
R0

Rn

+ GS,DTM + GS,DDA (12)

·
R0

Rn

+ GS,Tri ·
R0

Rn

+ GS,DS ·
DS,P · R0

DS,N
.

Protozoan grazing on cyanobacteria is parameterized as

GS,Cya = GS0(
pSS ·

(
PCya

)
KZS + pSS ·

(
PCya + PUMD

)
+ pSL ·

(
PDTM + PDDA + DS,N

)
+ pSZ · ZS + pST ·PTri + pSD · DL,N

)
,

(13)

whereKS was the half-saturation constant for protozoans
and pSS, pSL, pSZ, pST and pSD are the protozoan graz-
ing preferences for cyanobacteria, diatoms, other protozoans,
Trichodesmium, and large detritus, respectively. We allow
for preferential grazing on the most abundant food source,

which models a diverse community that adjusts to the domi-
nant available prey. We formulate switching using the Stock
and Dunne (2010) modification to the zooplankton grazing
scheme of Fasham et al. (1990).

pSS=
πSS ·

(
PCya + PUMD

){(
πSS ·

(
PCya + PUMD

))2
+
(
πSL ·

(
PDTM + PDDA +DS,N

))2
+ (πST · PTri )

2
+ (πSZ · ZS)2

+
(
πSD · DL,N

)2}1/2
(14)

Mesozooplankton grow with a gross growth efficiency ofγL ,
though they also have a basal metabolic rate ofBR. Mesozoo-
plankton are grazed by an unmodeled higher predator that
is assumed to covary with mesozooplankton and graze on
them with the same Hollings Type 2 functional response used
for the other grazers in the model (Stock and Dunne, 2010).
Mesozooplankton are assumed to be capable of grazing on
diatoms, protozoans,Trichodesmium, and detritus (DL,P). As
in the PISCES model (Aumont et al., 2003), we assume a
lower maximum grazing rate for mesozooplankton than pro-
tozoans (GL0 < GS0), which effectively limits the growth
of mesozooplankton allowing their primary prey (diatoms)
to escape grazing pressure while the protozoans keep the
cyanobacteria population tightly controlled.

dZL

dt
= γL ·GTL·ZL−BR·LZ−mZL ·LZ−

GH0 · ZL · ZL

KH + ZL
(15)

GTL = GL,DTM + GL,DDA ·
R0

Rn

+ GL,Tri ·
R0

Rn

+ GL,Z (16)

+GL,DS
DS,P · R0

DS,N
+ GL,DL

DL,P · R0

DL,N

GL,DTM = GL0(
pLL · PDTM

KZL + pLL ·
(
PDTM + PDDA+DS,N

)
+ pLT · PTri + pLZ · ZS + pLD · DL,N

)
(17)

pLL =
πLL ·

(
PDTM + PDDA+DS,N

){(
πLL ·

(
PDTM + PDDA+DS,N

))2
+ (πLT · PTri )

2
+ (πLZ · ZS)2

+
(
πLD · DL,N

)2}1/2
(18)

Large detritus is produced as the egestion of mesozooplank-
ton (ε = egestion efficiency). It is consumed by mesozoo-
plankton, lost to the inorganic nutrient pool by bacterially-
mediated degradation, or lost as sinking flux (Supplement 2,
Eq. S1). With respect to nitrogen, the increased N : P ratio
of diazotrophs leads to an additional term representing the
stoichiometrically unnecessary additional nitrogen (Supple-
ment Eq. S2). We assume that all Si ingested by mesozoo-
plankton passes directly to the detrital pool since zooplank-
ton do not assimilate Si (Supplement Eq. S3).

A more slowly sinking detrital pool is composed of non-
living diatom cells, that are produced through diatom mortal-
ity and lost to bacterially-mediated degradation to dissolved
nutrients and sinking (Supplement Eq. S4–6). Colloidal and
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dissolved detritus (DS) is produced by a combination of pro-
tozoan egestion, excretion and sloppy feeding by both zoo-
plankton groups (σ is the proportion of excretion and sloppy
feeding that goes to the small detritus pool), exudation and
mortality of all phytoplankton groups, and dissolution of
large detritus. It is lost through bacterially-mediated reminer-
alization (Supplement Eq. S7). For colloidal detrital nitrogen
we again have an additional component associated with the
egestion and excretion of stoichiometrically unnecessary ni-
trogen (Eq. S8). Colloidal Si is derived from protozoan inges-
tion of diatoms and diatom mortality, as well as dissolution
of large detritus (Eq. S9).

Nutrients (DIN and DIP) are regenerated through grazer
excretion and bacterially-mediated remineralization of col-
loidal and dissolved detritus (Supplement Eq. S10). We as-
sume (following Hood et al., 2001) that diazotrophs take up
DIN until they would be N-limited after which they fulfill the
rest of their nitrogen budget with Nfix (Supplement Eq. S11).
Si is generated only through the remineralization of detrital
Si (Supplement Eq. S15). Parameter values used in our DI-
AZO base run are shown in Supplement 1.

3 Results

3.1 Basin-scale model-data comparison

To remove errors introduced in point-to-point model-data
comparisons by mesoscale variability, we have taken an in-
tegrative approach to model validation. In particular, we
choose to compare the large-scale patterns and basin-scale
rate measurements provided by individual studies to our
model results. In this section we compare our model results
to in situ measurements throughout the model domain, in-
cluding Nfix, primary production (PP), and grazing rates.
In the following section we will more directly compare our
model results within the ARP to those measured by Subra-
maniam et al. (2008).

On north-south transects through the central North At-
lantic, Fernandez et al. (2010) found that Nfix peaked at a
mean of∼ 60 µmol N m−2 d−1 between 5◦ S and 15◦ N and
averaged 25 and 11 µmol N m−2 d−1 in the subtropical gyre
for 2007 and 2008, respectively, while Moore et al. (2009)
measured a relatively constant Nfix rate by unicellular dia-
zotrophs of 16 µmol N m−2 d−1, but a variable contribution
by Trichodesmium,which peaked at∼ 200 µmol N m−2 d−1

between 5 and 15◦ N, but was less than 40 µmol N m−2 d−1

north of 20◦ N. By comparison, the model predicts an annual
mean value of 145 µmol N m−2 d−1 for the central Atlantic
(longitudinally) from 15◦ S to 30◦ N, increasing from a min-
imum of 0.95 µmol N m−2 d−1 at a coastal site in the north-
ern region of the model to a peak in the ARP of 487 µmol
N m−2 d−1. In a study specifically focused on the tropical
region from the equator to 15◦ N, Montoya et al. (2007)
found that overall Nfix rates were not significantly different

between the western (60–40◦ W, 201 µmol N m−2 d−1) and
eastern (40–20◦ W, 180 µmol N m−2 d−1) regions, but that
the role of unicellular diazotrophs increased significantly to
the east. In our model, overall Nfix decreases slightly from
west to east (255 µmol N m−2 d−1 for the tropics west of
40◦ W and 179 µmol N m−2 d−1 east of 40◦ W) and UMDs
reach a peak Nfix rate of> 200 µmol N m−2 d−1 within the
Caribbean which was not sampled by Montoya et al. (2007),
but maintain a relatively constant (and high) proportion of to-
tal Nfix throughout most of the horizontal band from 18◦ N
to 25◦ N. Within the greater Mauritanian upwelling system
(MUS, which we will define here as extending from the coast
to 26◦ W and from 12◦ N to 30◦ N), Rijkenberg et al. (2011)
measured mean surface Nfix rates of 0.3 nmol N L−1 d−1

in January and February, while in November and Decem-
ber Turk et al. (2011) measured significantly higher rates
of 26.4 nmol N L−1 d−1 although both studies agreed that
Nfix was significantly higher in the south than the north. Our
model predicted an annual mean surface value of 2.8 nmol N
L−1 d−1 in the MUS, and a weak latitudinal trend. Overall,
it appears that our model may underestimate the mean spa-
tial variability in Nfix, although this may simply reflect high
seasonal variability rectified in the model mean. Figure 2
clearly illustrates how high seasonal variability in the model
is smoothed in the mean. A synthesis of in situ Nfix measure-
ments compiled by Luo et al. (2012) exhibits much greater
spatial heterogeneity than our 20 year model mean. However,
a comparison to the lowest and highest Nfix months during
the year 1991 (February and August, respectively) shows that
for the most part model variability comes close to matching
the in situ variability, and matches the in situ data in finding
highest Nfix rates in the ARP. Furthermore, it is interesting
to note that the seasonal pattern of Nfix varies throughout
the region. For instance, Gulf of Mexico Nfix values are very
high in late summer, but negligible in winter, while Nfix val-
ues in the equatorial regions and off of Southern Africa are
lower in Aug than Feb (Fig. 2).

In situ PP measurements typically suggest low rates of be-
tween 160 and 280 mg C m−2 d−1 in the oligotrophic sub-
tropical gyre (Marañon et al., 2007; Perez et al., 2006; Teira
et al., 2005; Tilstone et al., 2009). PP increases towards
the equatorial and coastal upwelling regions, with typical
values of 240–320 mg C m−2 d−1 in the equatorial region
(Perez et al., 2005; Poulton et al., 2006) and 400–700 mg C
m−2 d−1 in the MUS (Davenport et al., 2002; Neuer et al.,
2002). In the model, primary productivity averages 225 mg
C m−2 d−1across the basin, varying from a mean of 168 mg
C m−2 d−1 in the subtropical gyre to 325 mg C m−2 d−1

throughout the greater MUS, but peaking at an annual av-
erage of 1265 mg C m−2 d−1 near the coast in the MUS.

Across disparate regions of the global ocean, protistan
grazing tends to constitute a relatively constant proportion
of phytoplankton loss terms, varying from 60 % of PP in
coastal environments to 75 % in tropical and subtropical re-
gions (Calbet and Landry, 2004). Within the North Atlantic
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Figure 2.Basin-scale nitrogen fixation. Panel A shows in situ nitrogen fixation measurements compiled by Luo et al. (2012) on a logarithmic
scale. Panels(B), (C), and(D) show model values from our DIAZO base model run representing the 20-year model mean(B), and single day
values from 7 February 1991(C) and 8 August 1991(D). These days were chosen because they showed the lowest and highest, respectively,
rates of nitrogen fixation during the “normal” year of 1991 and hence highlight the seasonal variability in the model.

subtropical gyre, Quevedo and Anadón (2001) found pro-
tistan grazing rates of 78 % PP at the surface and 109 % at
the deep chlorophyll max. Across the model domain, protis-
tan grazing averaged 71 % of particulate PP, varying from
a minimum integrated annual average of 40–60 % in the
coastal eutrophic regions to a maximum integrated annual
average of∼ 90 % in the core of the oligotrophic gyre. Glob-
ally, mesozooplankton grazing averages∼ 12 % PP (Calbet,
2001), although variability is extremely high. On a series
of north-south transects through our study region, Huskin et
al. (2001) measured copepod gut pigments and found that
grazing ranged from an average of 4 % PP in the subtropi-
cal gyre to 23 % PP in the tropics, while Isla et al. (2004)
measured grazing rates ranging from 4–5 % PP in the trop-
ics and subtropical gyre to 16 % in the MUS. Lopez and
Anadón (2008) concurred with this general pattern, but found
significantly higher rates of 26–112 % PP in the gyre and
higher in upwelling regions. Conversely, Calbet et al. (2009)
conducted mesozooplankton incubations and found higher
relative grazing rates of 28 % PP in the gyre than in the
MUS (6 % PP) or the tropics (17 % PP). The model showed
relatively high mesozooplankton grazing rates that averaged
27 % PP across the domain, varying from a minimum in-
tegrated annual average of < 10 % in the core of the olig-
otrophic gyre to a maximum integrated annual average of
> 40 % in the equatorial and coastal regions.

3.2 Amazon River plume regional model-data
comparison

The ARP is a region with high spatiotemporal variability
in its physics, biogeochemistry, ecology, and sheer extent.
In situ Nfix rate measurements have been concentrated in
the northern summer from April to October when plume
area is greatest (Hu et al., 2004) and our model predicts
the highest mean ARP Nfix. Cruises in the region have
measured widely differing rates of Nfix and documented
different roles for the dominant diazotrophs in the ARP.
Cruise tracks have typically been biased towards bloom
regions, and Nfix within these blooms reaches very high
rates. DDA blooms have been encountered with average Nfix
rates of 3200 µmol N m−2 d−1 (Carpenter et al., 1999). Nfix
by Trichodesmium in the region can also reach rates ex-
ceeding 1000 µmol N m−2 d−1, although cruise means typ-
ically vary from 50–300 µmol N m−2 d−1 (Capone et al.,
2005; Montoya et al., 2007). UMD Nfix rates are generally
lower, ranging from 20–50µmol N m−2 d−1 (Falcon et al.,
2004; Montoya et al., 2007). Meanwhile, Subramaniam et
al. (2008) measured mean Nfix rates (by acetylene reduc-
tion) throughout the region of 98 µmol N m−2 d−1 for Tri-
chodesmiumand 49 µmol N m−2 d−1 for DDAs, although
they believe that the acetylene reduction vastly underesti-
mated the Nfix of DDAs, because at mesohaline regions
dominated by DDAs,15N2 uptake measurements suggested
vastly higher Nfix rates of 986 µmol N m−2 d−1. For all
taxa and studies, however, these high mean rates are often
driven by a few extreme values. For instance, although the
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Figure 3.Percentage contribution of phytoplankton taxa to total surface phytoplankton biomass along the salinity gradient in the ARP region.
Coastal diatoms(A), DDAs (B), Trichodesmium(C). Thick white lines are the model means. Thin white lines are the 95 % confidence
intervals.

mean Nfix at mesohaline regions measured by Subramaniam
et al. (2008) was 986 µmol N m−2 d−1, the median value was
only 82 µmol N m−2 d−1. This high patchiness is not exhib-
ited in the model, and remains a challenge for modelers in
general.

Nevertheless it is possible to draw some broad gener-
alizations from the existing in situ measurements. Sub-
ramaniam et al. (2008) defines three distinct subregions:
low-salinity (SSS> 30), mesohaline (30> SSS> 35), and
oceanic (SSS> 35). The low salinity region is a light-limited
region with a shallow euphotic zone and a phytoplankton
community dominated by coastal diatoms and negligible
Nfix. The mesohaline region exhibits high P : N and Si : N
ratios, which stimulates Nfix by DDAs, although with addi-
tional contributions fromTrichodesmium. The oceanic region
is relatively depleted in Si and dominated byTrichodesmium
and other cyanobacteria.

While Subramaniam et al. (2008) restricted their study to
a latitudinal band from 0–15◦ N, we will consider the ARP
region as extending from 60–40◦ W and 0–20◦ N based on
our model result that Nfix often peaked north of 15◦ N, a re-
sult that actually agrees well with the results of Capone et
al. (2005) and is supported by Coles et al. (2013) who found
high penetration of Amazon River water into the Caribbean.
Our model predicted annual mean Nfix in the ARP of
275 µmol N m−2 d−1. The low-salinity region had lower Nfix
rates (204 µmol N m−2 d−1) and a community dominated by
non-diazotrophic diatoms (49 % of total biomass, Fig. 3). In
the mesohaline region mean Nfix was 372 µmol N m−2 d−1

(compared to a median of 334 µmol N m−2 d−1 and a max-
imum of 3050 µmol N m−2 d−1), suggesting that our model
may have accurately captured the average conditions in the
region, but perhaps missed some of the extreme blooms en-
countered by Subramaniam et al. (2008). Nfix was fueled
by DDAs in this region (Fig. 4) which were responsible for

299 µmol N m−2 d−1 and contributed 10 % of biomass (com-
pared to 28 % estimated by Subramaniam et al., 2008). While
DDA blooms were largely restricted to the mesohaline re-
gion, their concentrations within this salinity region were
seasonally variable (Fig. 5). Within the high-salinity oceanic
region, DDAs contributed only 3.4 % of biomass (compared
to < 2 % estimated by Subramaniam et al., 2008) andTri-
chodesmiumdominated Nfix, contributing 48 % of the to-
tal 213µmol N m−2 d−1, while total biomass was dominated
by the cyanobacteria (includingTrichodesmium, UMDs, and
Cya), which together accounted for 65 % of the biomass.
Mean annual patterns of diazotroph biomass in the model
suggested that bothTrichodesmiumand DDAs peaked in
the northwestern ARP, althoughTrichodesmiumseems to
monotonically decrease gradually from a maximum in the
Caribbean, while DDAs peak in the region from 10–17◦ N
and 60–50◦ W (Fig. 5). These general patterns agree rea-
sonably well with the measurements of Subramaniam et
al. (2008), although their cruise tracks did not extend north
of 15◦ N and the large scatter in the field measurements ex-
hibits a much larger range of variability forTrichodesmium
than predicted by our annual mean values.

By defining the ARP as a system of communities opti-
mized to varying degrees of mixing between the river and
ocean water, we can use the salinity gradient to compare our
model to the measurements of Subramaniam et al. (2008).
Our model exhibits a linear decrease in Si as a function of
salinity, which agrees well with the in situ data (Fig. 4b)
and indicates that physical dilution with low-Si oceanic wa-
ter is the primary mechanism affecting Si concentrations in
the ARP. From the river to a salinity of 30, conservative
mixing accounts for 74 % of Si reduction (calculated based
on a two end-member mixing line with riverine and salin-
ity = 36 end members), compared to only a 6 % DIN loss to
conservative mixing. DIN : DIP ratios in the model showed
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Figure 4. Model-data property-salinity comparisons in the ARP. In all plots, blue points are model values, large red dots are in situ measure-
ments from Subramaniam et al. (2008), thick yellow line is model mean, thin yellow lines are the 95 % confidence intervals. Panel(A) shows
surface nutrient P : N molar ratios. Magenta points are data points from Subramaniam et al. (2008) for which NO3 was at or below their
detection limit of 0.05 µM. Panel(B) shows surface Si concentrations (µmol L−1) , with dashed black line showing the conservative mixing
line. Panel(c) shows DDA nitrogen fixation (µmol N m−2 d−1). Panel(d) showsTrichodesmiumnitrogen fixation (µmol N m−2 d−1).

less variability than the in situ measurements, though surface
measured nutrients were typically near detection limits, and
hence there is large uncertainty in the ratio of the measured
values (Fig. 4a). The model also generally agreed with in
situ DDA Nfix measurements, though it did not produce
some of the highest values ofTrichodesmiumNfix measured
(Fig. 4d). The model predicted lower primary productivity
in the low salinity regions than the in situ data (230 com-
pared to 420 mg C m−2 d−1), although it is worth noting that
Subramaniam et al. (2008) only sampled two stations with
salinity < 27 (and only one with detectable NO3) and hence
likely missed the early phase of the coastal blooms. Through
the rest of the ARP, the in situ data suggested primary pro-
duction of∼ 700 mg C m−2 d−1, with no distinct trend with
salinity. Our model also suggested similarity in primary pro-
duction in the meso- and oligohaline regions, but with much
lower values of 188 and 163 mg C m−2 d−1, respectively. It
is important to note that the model community’s relationship

to salinity does not reflect any biological response to salinity.
Instead, it reveals the importance of physical dilution pro-
cesses to both nutrient and plankton concentrations in the
plume.

3.3 Phytoplankton succession in a Lagrangian
framework

Utilizing synthetic surface floats in HYCOM, we followed
model parcels of river water as they were advected into the
tropical North Atlantic and assessed phytoplankton succes-
sional patterns within a Lagrangian framework. Focusing on
the year 1991 (determined by Coles et al. (2013) to be a typi-
cal plume year), we tracked floats for six months, with floats
that ran aground within 6 months of release excluded from
the following analysis (Fig. 6a).

Successional patterns along the float trajectories ex-
hibited repeatable patterns with coastal diatom blooms
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Figure 5. Seasonal variability in model surface DDAs (left),Trichodesmium(middle), and UMDs (right) concentrations (µmol N L−1).
White lines show the 35 salinity contour.

typically initiated within 15 days of float release. Coastal di-
atom blooms were associated with drawdown of DIN. Mean-
while, since DIP : DIN and Si:DIN ratios in river water were
in excess of Redfield, DIP and Si exhibited patterns that
suggested near conservative mixing between high nutrient
river water and oligotrophic oceanic water. While cyanobac-
teria biomass sometimes peaked during the diatom blooms,
its variability was much lower than that of diatoms. Rela-
tive contribution of cyanobacteria to total biomass was sig-
nificantly greater in offshore regions.Trichodesmiumtypi-
cally peaked offshore (though occasional strong blooms oc-
curred immediately after float release), often reaching high-
est biomass as many as three months after release of the
float. Unicellular diazotrophs seldom reached substantial

concentrations in floats released at the river mouth, and only
bloomed several months after release.

In contrast to the highly repeatable patterns found for the
other phytoplankton groups, DDA blooms were variable both
in their timing and presence along float trajectories (Fig. 6b).
While 25 % of float trajectories never exceeded 0.085 µmol
DDA N L−1, another 25 % exhibited DDA blooms with max-
imum biomass> 0.20 µmol N L−1. If we define this upper
quartile as the float trajectories that experienced strong DDA
blooms, we can begin to look at the factors controlling DDA
growth. While 95 % of blooms reached their peak within 75
days of release, within this window there was wide variability
in the timing of the blooms. The median duration to bloom
peak was 37.5 days, however 25 % of the blooms reached
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Figure 6. Float trajectories for synthetic Lagrangian floats released
at river mouth. Panel(A) shows 20 randomly chosen float tracks
(180 days shown for each float). Panels(B), (C), (D), and(E) show
the concentration of DDAs, diatoms, mesozooplankton, and Si, re-
spectively experienced by these 20 random floats. Colors match be-
tween panels. For ease of differentiating individual float tracks in
Panels(B–E), half of the tracks are shown as dotted rather than
solid lines.

their peak within 22 days of release and another quarter of
the blooms required> 50 days to reach their peak.

While the variability in bloom timing makes it difficult to
compare bloom dynamics in the temporal domain, blooms
followed repetitive trajectories in the salinity domain indi-
cating high variability in physical plume entrainment rates. A
small proportion of floats experience DDA blooms at lower
salinities, however most blooms are initiated at salinities
> 25 and reach peaks in salinity ranges from 30–32. This
allows us to average multiple bloom trajectories in the salin-
ity domain to assess the factors controlling bloom formation,

Figure 7. DDA growth and grazing rates along synthetic La-
grangian float trajectories. Panel a shows specific growth (solid
black line) and mortality (gray dashed line) rates of DDAs along
strong bloom float trajectories (float trajectories with max DDA
biomass> 0.2 µmol N L−1) as a function of salinity. Panel b subdi-
vides the mortality rates from panel a into the following categories:
natural or non-grazing mortality (solid gray bar at bottom), proto-
zoan grazing (diagonal gray lines), and mesozooplankton grazing
(gray checkerboard). Panel c compares the net growth rates along
strong bloom trajectories (solid gray line) to the growth rates along
non-bloom trajectories (max DDA < 0.085 µmol N L−1, dashed
black line).

while treating salinity as a conservative tracer for the river-
ocean dilution gradient.

DDA specific growth rates were highest near the river
mouth where abundant nutrients led to average rates of
0.8 d−1 (Fig. 7a). They remained high until salinity reached
∼ 25. At this point decreasing dissolved Si concentrations,
driven primarily by mixing with low Si oceanic water, caused
a rapid decrease in DDA specific growth rates, which contin-
ued to drop until they reached values < 0.2 d−1 in oceanic
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Table 1. Sensitivity Analysis Simulations. All parameters were consecutively halved then doubled for four month simulations run from
May–August 1991 and then simulation outputs were compared to comparable outputs from the DIAZO base model run.

Param Description Eq.

µsmall Maximum growth rate of all phytoplankton 19
δlarge:small Difference between Diatom and Cyano max growth rates 19
δDDA :Dtm Max growth rate of DDA 20
θNIF Decrease in growth rate of DDAs when fixing N2 rather than growing on DIN 21
KL,Si Diatom half-saturation constant for Si 6 and 8
KS,N Cyano half-saturation constant for DIN 2
KL,N Diatom half-saturation constant for DIN 6
KS,P Cyano half-saturation constant for DIP 2 and 4
KL,P Diatom half-saturation constant for DIP 6 and 8
mPL Intrinsic mortality of diatoms 5 and 7
IPL Diatom growth-irradiance parameter 6 and 8
GS0 Protozoan max grazing rate 13
GL0 Mesozooplankton max grazing rate 17
GH0 Higher predator max grazing rate 15
KZS Protozoan half-saturation constant 13
KZL Mesozooplankton half-saturation constant 17
πLL Mesozooplankton preference for diatoms 18
πSS Protozoan preference for cyanos 14
RivDIN River DIN concentration
RivDIP River DIP concentration
RivSi River Si concentration

water. Surprisingly, the strong decrease in DDA growth rates
from salinities of 25 to> 35 corresponded with the region
of strongest bloom formation. This apparent discrepancy is
explained when comparing specific growth rates to specific
mortality rates. While growth rates decrease only slowly with
increasing salinity within the salinity band from 0-20, DDA
specific mortality rates decrease roughly linearly with salin-
ity. Mortality near the river mouth (Fig. 7b), driven by graz-
ing of high concentrations of mesozooplankton supported
by the coastal diatom populations, exceeded DDA growth
rates. In the salinity range from 15–20, mortality decreased
significantly to allow a net positive growth rate for DDAs,
which then reached a maximum in net growth rate in the
salinity band from 25–30 coinciding with the range where
most blooms were initiated. The decrease in mesozooplank-
ton concentrations (Fig. 6d) was driven largely by physical
dilution of high-mesozooplankton coastal water with low-
mesozooplankton oligotrophic water, as mesozooplankton
growth exceeded grazing throughout most of the ARP. At
salinities > 32, decreasing DDA net growth rates (result-
ing from the sharply declining specific growth rates as Si-
limitation was induced), combined with physical dilution of
the mesohaline water, led to bloom termination.

While this simple story of cessation of top-down pressure
leading to bloom formation and bottom-up pressure causing
bloom termination is appealing, it is not the full story. If we
similarly compare specific growth and mortality rates along
the float trajectories that did not experience DDA blooms
(defined here as the float trajectories with max DDA concen-

Figure 8. Float salinity histograms. Panel a shows the probability
density function (PDF) of salinities experienced by synthetic La-
grangian floats in strong bloom floats (solid gray line) and non-
bloom floats (dashed black line). Panel b is the PDF of the duration
of time that floats spend in the salinity range 20–34, which corre-
sponds to the ideal growth conditions for DDAs.

trations < 0.085 – e.g. the lower quartile), we find growth and
mortality rates that closely match those found in the strong
bloom floats (Fig. 7c). In fact, the average net growth rates in
the optimal salinity band of the non-bloom floats are slightly
higher than those in the bloom floats. The primary differ-
ence between the bloom and non-bloom floats was not in
biological and chemical forcing, but rather in the physical
transport and mixing rates. Bloom floats spent a significantly
longer duration in the mesohaline region than non-bloom
floats (Fig. 8), implying weaker vertical and/or horizontal
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mixing of oceanic water into the plume water for the bloom
floats. The median length of time spent by non-bloom floats
in the key salinity range of 20–34 was only 16 days, while
all floats that experienced strong blooms spent at least 23
days in this salinity range (Fig. 8b). Only 5 % of non-bloom
floats spent 56 days in this salinity range, while half of the
bloom floats spent longer than that period. The importance
of an extended time period spent in the ideal habitat range
of the DDAs is apparent from the small net growth rates of
DDAs (Fig. 7c). If we assume a net growth rate of 1.1 d−1,
it would take 25 days for DDA concentrations starting at the
ARP region median value of 0.02 µmol N L−1 to reach strong
bloom values of 0.2 µmol N L−1, if we assume no losses to
diffusion. Obviously, vertical and horizontal diffusive losses
of DDAs from the core of the bloom could substantially in-
crease the time required for bloom growth.

3.4 Sensitivity analysis

To assess the sensitivity of our model to parameter selec-
tions, we repeatedly ran the model over a four month pe-
riod (beginning in May), which corresponded to the primary
model bloom formation period in 1991. It is important to
note that this four-month sensitivity analysis period (chosen
as a tradeoff between duration needed to see biomass changes
and computational cost) allowed time for acclimation of spe-
cific rates and for propagation of river-related biomass sig-
nals through the plume, but likely was not long enough for
river-related changes to affect plume wide standing stock.
During these sensitivity analyses, we sequentially doubled
and halved key ecological model parameters related to phyto-
plankton growth rates, half saturation constants, grazing rates
and selectivity, and riverine nutrient concentrations (Fig. 9,
Table 1). In order to preserve niche space for each phyto-
plankton taxa, rather than individually scaling max phyto-
plankton growth rates, we re-wrote diatom and DDA max
growth rates as follows:

µlarge= µsmall+ δlarge:small× µsmall (19)

µDDA,max = µlarge× ϑL = µlarge+ δDDA :Dtm × µlarge (20)

µDDA,nif = µlarge× ϑnif = µDDA + δnif,max× µDDA (21)

and varied µsmall (which varies all phytoplankton growth
rates proportionally),δlarge:small (varies the ratio of Diatom
and DDAs to cyanobacterial growth),δDDA :Dtm (varies the
ratio of DDAs to Dtm growth). We variedϑnif directly since
it does not impact DDA max growth rates, but instead their
max diazotrophic growth rates. For each variable, we com-
pared the ratios of key model standing stocks and rates (both
in the ARP and across the entire basin) between the simula-
tion and the DIAZO base model run (Fig. 9).

Sensitivity analysis showed that the model was roughly
equally sensitive to parameters affecting bottom-up (max
growth, half-saturation, and irradiance parameters) and top-
down (max grazing, grazing saturation, and selectivity pa-

rameters) control of phytoplankton (Fig. 9). The model was
particularly susceptible to variations in both the absolute
magnitude of phytoplankton growth rates (µsmall, Eq. 19)
and the ratio of large : small phytoplankton growth rates
(δlarge:small, Eq. 19), and the grazing rates (GS0, GL0) and
half-saturation constants (KZS, KZL) for both zooplankton
size classes. Surprisingly, over the four month runs of our
sensitivity analysis simulations, the model was relatively in-
sensitive to changes in riverine nutrient concentrations. NFix
was almost completely insensitive to changes in riverine
phosphate concentrations, although this was likely due to the
short duration of our simulations, combined with the fact that
the two dominant taxa in the ARP (diatoms and DDAs) were
not P -limited (Fig. 11). Altered riverine phosphate concen-
trations would likely have led to changes in NFix byTri-
chodesmiumand UMDs in the oceanic regions if continued
for a longer duration, but during our four month simulations
there was not significant time for phosphorus to escape the
plume in quantities sufficient to increase oceanic phosphate.
Given likely land-use changes in the Amazon River basin, fu-
ture work to assess the impact of long-term increases in river
phosphorus concentrations seems warranted, but was beyond
the scope of this manuscript.

In contrast to other phytoplankton taxa, DDAs responded
similarly to all changes in phytoplankton growth rates with
increases in µsmall, δlarge:small, δDDA :Dtm, andϑnif all lead-
ing to increases in DDA concentration. Decreases in silicate
half-saturation (KLSi) positively affected DDA concentra-
tions, while decreases in nitrate half-saturation (KLN) led to
decreases in DDA concentrations, likely due to increased Si
utilization by diatoms. The model was insensitive to changes
in phosphorus half-saturation (KS,P andKL,P), because di-
atoms, DDAs, and cyanobacteria were notP -limited, while
UMDs andTrichodesmiumshowed relatively weak nutrient
limitation (Fig. 11). Altered intrinsic mortality rates (mPL)

had minimal effect on the model, reflecting the fact that phy-
toplankton were primarily lost to grazers. Changes in max-
imum grazing rates of mesozooplankton (GL0) and proto-
zoans (GS0) altered the relative balance of eukaryotic and
prokaryotic phytoplankton, with increased mesozooplankton
grazing causing a shift towards cyanobacteria and increased
protozoan grazing causing a shift towards diatoms. Interest-
ingly, increasing the maximum protozoan grazing rate (GS0)

caused a decrease in protozoan concentrations, by driving
down the total plankton standing stock of the model in a
very similar pattern to the one that resulted from decreas-
ing all phytoplankton maximum growth rates (µsmall, Eq. 19).
Overall, the similar sensitivity of the model to phytoplank-
ton growth and zooplankton grazing parameters supports our
conclusion that both bottom-up and top-down forcing play a
role in DDA blooms.

While it did not affect DDA bloom formation (and hence
was not included in our sensitivity analysis), while tuning the
model we discovered that the co-existence of Cya and UMDs
was extremely sensitive toϑS (the ratio of UMD max growth
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Figure 9. Sensitivity Analysis. Relationship of important model outputs (rates and standing stocks,y axis) to variations in key model
parameters (x axis). For each parameter, two four month simulations were conducted in which the parameter was either halved or doubled.
Color axis shows the relationship of each model output at the end of the four month simulation to the equivalent model output in the
DIAZO base model run. For instance, a result of 2 corresponds to a doubling relative to the DIAZO base model run standing stock or
rate. First 14 outputs are averaged over the entire basin. The rest are restricted to the ARP region. Parameters varied were µsmall (which
varies the growth rate of all phytoplankton proportionally, Eq. 19),δlarge:small (difference in growth between diatoms and cyanos, Eq. 19),
δDDA :Dtm (difference in growth between DDAs and diatoms, Eq. 20),θNIF (DDA NFix penalty, Eq. 21),KL,Si (Diatom half-saturation
constant for Si, Eqs. 6 and 8),KS,N (Cyano half-saturation constant for DIN, Eq. 2),KL,N (Diatom half-saturation constant for DIN, Eq. 6),
KS,P (Cyano half-saturation constant for DIP, Eqs. 2 and 4), KL,P (Diatom half-saturation constant for DIP, Eqs. 6 and 8),mPL (Diatom
intrinsic mortality, Eqs. 5 and 7),IPL (Diatom growth-irradiance parameter, Eqs. 6 and 8),GS0 (Protozoan max grazing rate, Eq. 13),GL0
(Mesozooplankton max grazing rate, Eq. 17),GH0 (Higher predator max grazing rate, Eq. 15),KZS (Protozoan half-saturation constant,
Eq. 13),KZL (Mesozooplankton half-saturation constant, Eq. 17),πLL (Mesozooplankton preference for diatoms, Eq. 18),πSS (Protozoan
preference for cyanos, Eq. 14), RivDIN (riverine DIN concentration), RivDIP (riverine DIP concentration), RivSi (riverine Si concentration).
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to Cya max growth). We suspect that the importance of this
parameterization is due in part to our a priori decision to give
UMDs and Cya identical half-saturations for phosphate. Ad-
ditionally, Fe (which was not included in our model) is be-
lieved to be more limiting for UMDs than Cya and hence
likely contributes to niche-differentiation in the ocean.

4 Discussion

4.1 Modeling basin-wide diazotroph distributions

Global and basin-scale models of diazotrophy have typically
focused onTrichodesmium, a colonial cyanobacterium that
grows slowly and is assumed to sustain low (if any) graz-
ing mortality. As a result, these models often contain sim-
plified grazing parameterizations and instead focus solely on
bottom-up forcing of growth rates by phosphate and organic
phosphorus availability (Ye et al., 2012), temperature (Bre-
itbarth et al., 2007; Moore et al., 2002), and Fe deposition
(Coles and Hood, 2007; Moore et al., 2006). Our model dif-
fers significantly from these previous efforts in focusing on
DDAs, whose distributions may be controlled in part by pre-
dation pressure from mesozooplankton, ciliates, and other
protozoa. Furthermore, in focusing specifically on the ARP
region, we have been able to neglect other factors contribut-
ing to global diversity of diazotrophs. In particular, temper-
ature is relatively constant throughout our latitudinally re-
stricted domain and Fe is unlikely to be limiting in the plume
region, though our decision not to include Fe-limitation may
explain the model’s tendency to overestimate nitrogen fixa-
tion in the eastern tropical North Atlantic.

While most previous models contained a single diazotroph
state variable, our requirement that this model maintain
populations of three distinct diazotrophs (Trichodesmium,
DDAs, and unicellular microbial diazotrophs) necessitated
the definition of three distinct niche spaces. Unfortunately,
while Trichodesmiumhas been relatively well studied both
in the field and in the laboratory, few comparable studies
have addressed growth rates and limiting nutrients of DDAs
and UMDs. The experimental evidence that exists suggests
that bothCrocosphaera(a UMD; Dekaezemacker and Bon-
net, 2011) and diatom-Richelia symbioses (Foster et al.,
2011; Villareal, 1990) have growth rates that are slower than
equivalent non-diazotrophic taxa (by which we mean total
non-diazotrophic cyanobacteria and diatoms, respectively).
Without any compelling evidence to believe that UMDs and
DDAs behave differently with respect to light or nutrient up-
take kinetics (exceptingN ), we thus chose to model them as
identical to their non-diazotrophic counterparts in these re-
spects.

To understand how these a priori constraints on the phy-
toplankton community translated into realized niches in the
model, we utilized principle component analysis (PCA) of
the model community structure to determine the relation-

Figure 10. Principle component (PC) analysis of model nutrients
and living state variables. Left panel shows PC 1 (39.5 % of the
variance) on thex axis and PC 2 (15.8 % of the variance) on the y-
axis. Right panel again has PC 1 on the x-axis, but has PC 3 (12.7 %
of the variance) on they axis.

ships between the three nutrients and 7 plankton state vari-
ables in the model (Fig. 10). The first principle component
(accounting for 39.5 % of the variance) primarily divided the
data set into nutrient-rich and oligotrophic regions, with di-
atoms and both types of zooplankton covarying with nutri-
ents while UMDs andTrichodesmiumwere inversely corre-
lated with nutrients on this axis. The second, and particu-
larly third, principle components (accounting for 15.8 and
12.7 % of the variance, respectively) begin to separate the di-
azotroph classes more effectively. Both PC2 and PC3 sep-
arate the nutrients based primarily on DIP : DIN ratios. In
each case DDAs are correlated with DIP and anti-correlated
with DIN. Along PC2, DIP and Si are correlated with each
other and with all three of the diazotrophs. PC3, however,
strongly differentiates the diazotrophs with DDAs correlating
with the high DIP, low DIN direction (and a similar loading
score to cyanobacteria),Trichodesmiumshowing near zero
loading (indicating that their variability did not contribute
significantly to PC3), and UMDs exhibiting negative load-
ing. Overall this PCA shows that diatoms occupy the high
nutrient niche in the model. Cya and DDAs both exist at in-
termediate nutrient levels, with DDAs specializing in high
DIP : DIN ratios and cyanobacteria preferring low DIP : DIN.
Trichodesmiumand UMDs are both low nutrient specialists,
with Trichodesmiumpreferring the high DIP : DIN regions
and UMD excelling in the most nutrient poor regions. Inter-
estingly, there was almost no niche overlap between diatoms
and DDAs or between Cya and UMDs. In each of the first
three principal components these pairs were negatively cor-
related, perhaps because the similar grazing pressure experi-
enced by both types of diatoms or by both types of unicellular
cyanobacteria inhibited coexistence.

To understand the origin of these patterns, we compared
the nutrient limitation patterns of each phytoplankton taxa
(Fig. 11). Cyanobacteria were limited by DIN throughout
the model, with widely varying nutrient-limitation penal-
ties that varied from almost no limitation in the upwelling
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Figure 11. Nutrient limitations. Color intensity represents the de-
gree of nutrient limitation experienced by each model phytoplank-
ton taxa; a value of 0.75 indicates that max growth is decreased by
75 % due to nutrient limitation. Color indicates the limiting nutrient
(blue-phosphate, green-nitrate, red-silicate). Since DDAs are not ul-
timately limited by DIN, but can grow faster in its presence, we de-
termined the limiting nutrient by calculating the partial derivative
of growth with respect to each nutrient.

regions to an almost 60 % decrease in growth rate in
the core of the oligotrophic gyre. Non-diazotrophic di-
atoms, by comparison, were nutrient-limited throughout the
model, exhibiting a growth penalty of∼ 40 % in even
the eutrophic regions and peaking at over 90 %. Their
limiting nutrient shifted from DIN throughout most of
the region to Si in parts of the oligotrophic gyre and
Caribbean. UMDs andTrichodesmiumwere phosphate-

limited, but showed significantly less nutrient-limitation.
Their growth rates were largely insensitive to nutrient con-
centration, with nutrient-related penalties seldom exceeding
10 % due to their low half-saturation constant for PO3−

4 .
Unlike NO−

3 , PO3−

4 concentrations remained high (relative
to half-saturation constants), because neither UMDs nor
Trichodesmiumever achieved particularly large phosphorus
biomass in the model (it is important to keep in mind that
all diazotrophs were parameterized with a high N : P ratio).
UMDs were kept effectively in check by protozoan graz-
ing, whileTrichodesmiumproduction was constrained by the
slow specific growth rates of this taxa. Since these organ-
isms have high N : P ratios, they also subsidize the growth
of non-diazotrophs, further diminishing their ability to ever
become community dominants. These results are consistent
with in situ nutrient amendment experiments in the olig-
otrophic North Atlantic, which show N as the primary lim-
iting nutrient for phytoplankton, with potential co-limitation
by P (Moore et al., 2008, 2013; Davey et al., 2008). Never-
theless, low PO3−

4 concentrations in the region, high nitrogen
fixation, and co-limitation of diazotrophs by P and Fe, high-
light the importance of a more nuanced understanding of P
cycling in the oligotrophic North Atlantic (Ammerman et al.,
2003; Davey et al., 2008; Mills et al., 2004).

DDAs exhibited complex limitation patterns in the model
due to their parameterization as a taxa that behaves as a di-
azotroph (but requiring Si) when DIN is low, but ability to
grow like a diatom when DIN is abundant. Consequently we
defined their limiting nutrient as the nutrient that increased
their growth the most when added in an incremental amount.
By this criterion, DDAs were nitrate limited throughout most
of the plume- and upwelling-affected waters where Si was re-
plete, but Si-limited in the oligotrophic regions. Despite the
stark dichotomy predicted by this definition, DDAs were in
fact co-limited by Si and DIN throughout most of the model
domain.

Throughout most of the model domain, these nutrient-
limitation patterns largely determined the relative compo-
sition of the phytoplankton, (while the absolute magnitude
was controlled by an interplay of top-down grazing con-
trol and physically-driven nutrient supply and dilution). Di-
atoms thrived under high nutrient loading, while cyanobacte-
ria were dominant in lower nutrient waters, particularly those
with high N : P ratios (Fig. 12). Diazotrophs never reached
the peak community dominance levels of non-diazotrophs,
but filled distinct niches. UMDs excelled in the lowest nu-
trient waters of the model, while DDAs thrived in low DIN,
high Si (and high PO3−

4 ) waters. Compared to the other taxa,
Trichodesmium, contributed a relatively constant background
proportion of the phytoplankton. Across the region its growth
rate remained relatively constant in the range of 0.06 to
0.08 d−1. In contrast, the other low-nutrient specialist in the
model (UMDs) had growth rates closer to 0.3 d−1 through-
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Figure 12.Phytoplankton taxa relation to nutrients – Panels(A, B, C, D, E) show the proportion of surface phytoplankton biomass comprised
by cyanobactiera, unicellular microbial diazotrophs,Trichodesmium, diatoms, and diatom-diazotroph assemblages, respectively. In panels
(A, B), and(C) phytoplankton proportion is plotted as a function of phosphate (y axis) and dissolved inorganic nitrogen (x axis). In panels
D and E, phosphate is replaced by silicate (limiting nutrient for diatom taxa). For non-diazotrophic taxa(A, D) proportions of biomass are
plotted when the taxa’s proportion of biomass exceeds 50 %. For diazotrophs(B, C, E) proportions are plotted when they exceed 10 %. In all
plots, gray values show the full extent of the model’s realized nutrient-space . Panel F shows total phytoplankton biomass (µmol N L−1) in
the model as a function of DIN and phosphate. All plots are surface plots of values from model year 1991.

out the model domain, but suffered high grazing losses ev-
erywhere except in the most oligotrophic regions.

4.2 Determinants of phytoplankton succession in the
Amazon Plume

Phytoplankton bloom succession in the ARP is governed by
a complex inter-play of physical, bottom-up, and top-down
forcing mechanisms. Given the complexity of the three-
dimensional physical circulation model, it is instructive to
consider successional patterns in a simplified conceptual
framework. The Amazon River introduces tremendous quan-
tities of nutrient-rich water to the tropical Atlantic, but the
nitrate in this source water exists at sub-Redfield ratios, and
hence is quickly drawn down by blooms of coastal diatoms.
This leaves nitrate-depleted, but DIP- and Si-rich, water that
is ideal for DDA growth.

The DIP- and Si-rich water is entrained into the olig-
otrophic waters of the tropical Atlantic with mixing rates that
are dependent both on the magnitude of river flux and wind-
driven ocean circulation (Coles et al., 2013). Only one quar-
ter of the riverine Si is removed via biological drawdown in
the plume, because the riverine Si : N ratio (3.76) is much
higher than the Si : N ratio (0.48) of exported particles (at

100 m) in the plume. Thus, as Fig. 4 illustrates, Si concen-
trations can be approximated by a conservative mixing as-
sumption. Furthermore, mesozooplankton (the dominant loss
term for DDAs, Fig. 7) covaries with Si (Fig. 10). Mesozoo-
plankton reach maximal concentrations in the coastal blooms
near the river mouth and also exhibit a decline in concentra-
tion that can be approximated by a conservative mixing as-
sumption. DDA net growth rates as a function of salinity can
thus be estimated by considering the functional responses
of DDAs to nutrients and predators, while the concentra-
tions of both of these state variables are controlled primarily
by identical physical mixing processes. We have parameter-
ized DDA response to Si as a monod-type response (Eq. 8),
thus the nutrient-limited growth rates of DDA decrease only
slowly at low salinity/high Si, until Si drops to concentrations
near the half-saturation constant for DDAs (2.0 µmol L−1) at
a salinity of ∼ 34 (Fig. 13). After this point, growth rates
begin to decrease much more rapidly. At the same time, for
this simple conceptual model, we consider mesozooplank-
ton to have the same primary loss term (dilution by low con-
centration oceanic water) as Si. However, the phytoplankton
functional response to predators is drastically different than
that to nutrients. For a given phytoplankton concentration,
phytoplankton loss rates will vary linearly with zooplankton
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Figure 13.Conceptual diagram of the relationship of DDA growth
and loss rates to conservative mixing losses of Si and mesozoo-
plankton along the salinity gradient. Note that we have put no val-
ues on they axis since actual grazing rates will be dependent on the
concentrations of all phytoplankton taxa and growth rates are de-
pendent on light, both of which vary along the salinity gradient. Plot
is only intended to show the different shape of DDA net growth rate
responses to conservative mixing losses of nutrients and grazers.

concentration (Eq. 7), creating a mesohaline region where
growth exceeds grazing. Mesohaline DDA blooms are thus
an emergent property that arises from the shape of the trans-
fer functions relating DDAs to nutrients and zooplankton,
combined with the physically-driven linear loss rates of both
Si and mesozooplankton along the salinity gradient. The cru-
cial importance of these functional responses highlights the
importance of both in situ and laboratory experiments to de-
termine the response of DDAs to varying nutrient concentra-
tions and grazing rates of zooplankton on DDAs.

Despite the attractive simplicity of this mechanism, it is
important to point out that our model only shows that such
a mechanism could account for the prevalence of DDAs in
the mesohaline regions of the ARP. Other mechanisms may
plausibly create a similar pattern. For instance, DDAs have
at times been observed at high concentrations in the dark
regions immediately beneath the plume (J. Goes, personal
communication, 2011), which may suggest an adaptation to
lower light conditions than most diatoms. DDAs also at times
occur in regions with anomalously high (relative to conser-
vative mixing with salinity) total phosphorus concentrations,
which may suggest a utilization of other forms of phospho-
rus by DDAs or other taxa with which they co-occur. Utiliza-
tion of DOP by alkaline-phosphatase containing diazotrophs
has been included in several previous models (e.g. Coles and
Hood, 2007), but was excluded in ours. In situ Lagrangian
studies of DDA bloom formation may be needed to explic-
itly test our hypothesis.

Furthermore, our model predicts an overly rhythmic sea-
sonal pattern, lacking the interannual variability in DDA phe-
nology found in the ARP, and fails to produce rare, excep-
tionally dense blooms of all phytoplankton taxa. Inclusion of
interannual variability in timing and magnitude of Amazon
River discharge and seasonal variability in river nutrient con-
centrations may begin to explain some of these model-data
discrepancies. Nevertheless, it seems that some additional
mechanisms may be necessary to increase the model vari-
ance in DDA concentration. Of particular importance might
be variability in mesozooplankton grazing pressure, perhaps
induced by life history characteristics of dominant grazers,
selectivity for or switching between diatom prey species, or
density-dependent predator defense mechanisms.

DDAs have been suggested to play a distinct biogeochem-
ical role due to their unique potential for both diazotrophy
and mineral ballast driven rapid sinking rates (Subramaniam
et al., 2008). In fact, massive DDA blooms have been found
to co-occur with regions of highpCO2 drawdown in situ,
supporting the important role of DDAs in ARP biogeochem-
istry (Cooley and Yager, 2006). Within the ARP region of our
model, nitrogen fixation by DDAs can support 35.4 % of the
nitrogen exported across the 100-m depth horizon by sink-
ing particles. Variability is high, however, with ARP region
values ranging from 1.2–116 % of export, and intra-regional
variability even higher. Nevertheless, it is clear that DDAs
introduce a significant fraction of the ARP region’s new pro-
duction, and hence may contribute significantly to regional
carbon drawdown.

5 Conclusions

This is the first biogeochemical model to specifically inves-
tigate DDA populations, and with that goal came the need
to parameterize zooplankton grazing in an explicit manner
that is not typically utilized with models focused on diazotro-
phy. While our model generally agrees with the Subrama-
niam et al. (2008) assertion that DDA bloom in mesohaline
regions with high P and Si and depleted DIN, it uncovers
two additional prerequisites for bloom formation. The first is
a cessation of grazing pressure due to dilution of the high
coastal zooplankton abundance with oceanic, lower zoo-
plankton abundance water. The second is a significant reten-
tion time within the mesohaline region. Unfortunately, due to
the paucity of experimental evidence about DDA growth ki-
netics and grazing rates on DDAs, model functional parame-
terization was largely unconstrained by the existing data, and
alternative forms of grazing and nutrient limitation functions
may have been equally valid. Nevertheless the interplay of
top-down, bottom-up, and physical forcing on DDAs discov-
ered in our model can be framed as three testable hypotheses:
(1) DDA specific gross growth rates will be highest near the
river mouth (or in high nutrient water) and decrease along
the salinity (nutrient) gradient with the greatest decreases
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in growth rate occurring at a salinity> 32. (2) DDA spe-
cific grazing losses to mesozooplankton will be highest in
the oligohaline water and decrease with increasing salinity.
(3) DDA net growth rates in the mesohaline region will be
low, necessitating low physical mixing rates and high reten-
tion of water parcels in the mesohaline region in order for
bloom initiation. Further experimental evidence is necessary
to ascertain the veracity of these mechanisms of bloom for-
mation. It is also important to note that these prerequisites
for bloom formation are likely not specific to DDAs. Niche
spaces for all phytoplankton taxa are a function of inequity
in growth and mortality, and the duration of time spent in
these niche spaces may be as critical to bloom formation as
the magnitude of the growth-grazing imbalance.

The Supplement related to this article is available online
at doi:10.5194/bg-11-3259-2014-supplement.
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