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Mesoscale eddies in the south west Pacific region are prominent ocean features that

represent distinctive environments for phytoplankton. Here, we examine the seasonal

plankton dynamics associated with averaged cyclonic and anticyclonic eddies (CE

and ACE, respectively) off eastern Australia. We do this through building seasonal

climatologies of mixed layer depth (MLD) and surface chlorophyll-a for both CE and ACE

by combining remotely sensed sea surface height (TOPEX/Poseidon, Envisat, Jason-1,

and OSTM/Jason-2), remotely sensed ocean color (GlobColour) and in situ profiles of

temperature, salinity and pressure from Argo floats. Using the CE and ACE seasonal

climatologies, we assimilate the surface chlorophyll-a data into both a single (WOMBAT),

and multi-phytoplankton class (EMS) biogeochemical model to investigate the level of

complexity required to simulate the phytoplankton chlorophyll-a. For the two eddy types,

the data assimilation showed both biogeochemical models only needed one set of

parameters to represent phytoplankton but needed different parameters for zooplankton.

To assess the simulated phytoplankton behavior we compared EMS model simulations

with a ship-based experiment that involved incubating a winter phytoplankton community

sampled from below the mixed layer under ambient and two higher light intensities with

and without nutrient enrichment. By the end of the 5-day field experiment, large diatom

abundance was four times greater in all treatments compared to the initial community,

with a corresponding decline in pico-cyanobacteria. The experimental results were

consistent with the simulated behavior in CE and ACE, where the seasonal deepening

of the mixed layer during winter produced a rapid increase in large phytoplankton. Our

model simulations suggest that CE off East Australia are not only characterized by a

higher chlorophyll-a concentration compared to ACE, but also by a higher concentration

of large phytoplankton (i.e., diatoms) due to the shallower CE mixed layer. The model

simulations also suggest the zooplankton community is different in the two eddy types

and this behavior needs further investigation.

Keywords: data assimilation, mesoscale features, phytoplankton dynamics, zooplankton dynamics, biological

oceanography, size based model
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INTRODUCTION

Mesoscale eddies play crucial roles in ocean circulation and
dynamics, stimulating phytoplankton growth and enhancing the
global primary production by ∼20% (Falkowski et al., 1991;
McWilliams, 2008). Usually, eddies occur where there are strong
currents and oceanic fronts (Robinson, 1983) and hence are a
common feature of western boundary currents (Chelton et al.,
2011). The direction and resulting temperature of an eddy
circulation can be categorized as either cyclonic cold core or
anticyclonic warm-core (Robinson, 1983). The cyclonic eddies
(CE) are associated with low sea level anomalies, doming of the
isopycnals and shoaling of the nutricline (Falkowski et al., 1991;
McGillicuddy, 2015). The shoaling of the nutricline helps supply
nutrient-rich waters to the euphotic zone when mixed layer
depth (MLD) undergoes seasonal deepening (Dufois et al., 2014;
McGillicuddy, 2015) and, thereby stimulating phytoplankton
growth (Jenkins, 1988; Falkowski et al., 1991; McGillicuddy
and Robinson, 1997). In contrast, anticyclonic eddies (ACE)
are associated with high sea level anomalies, depression of
the isopycnals and deepening of the nutricline (McGillicuddy,
2015). The MLD of ACEs is generally deeper than CEs (Dufois
et al., 2014) and this changes the supply of nutrients to the
euphotic zone when the eddy undergoes seasonal deepening
of the MLD with additional impacts to light levels (Dufois
et al., 2014; McGillicuddy, 2015). While representing different
physical and nutrient conditions, the characteristics of CE and
ACE can also differ because of differences in how these eddies
form. The process called “eddy trapping” (McGillicuddy, 2015)
was used to describe how composition of the water trapped
in an eddy depends on the process of eddy formation as well
as on the local gradients in physical, chemical, and biological
properties. One example is the formation of eddies off Western
Australian where the Leeuwin Current generates ACE initialized
with high Chl-a derived from the coastal water (Moore et al.,
2007).

CE and ACE represent two distinct environments because
of differences in their physical properties and in the physical
processes that form them, which can lead to different
phytoplankton abundance, biomass, and composition (Angel and
Fasham, 1983; Arístegui et al., 1997; Arístegui andMontero, 2005;
Moore et al., 2007; Everett et al., 2012, Table 1). In addition,
sub-mesoscale processes can affect phytoplankton dynamics in
mesoscale eddies (Klein and Lapeyre, 2009); in particular small-
scale upwellings and downwellings seem to have a significant
impact on phytoplankton subduction and primary production
(Levy et al., 2001).

Multiple processes can impact phytoplankton composition

and growth in mesoscale eddies. Oceanographic studies show

that large photosynthetic eukaryotes (>3 µm, diatoms in

particular) appear confined to the center of CE (Rodriguez et al.,

2003; Brown et al., 2008). In comparison, higher concentrations
of cyanobacteria (<3 µm) are located in the surrounding

oligotrophic waters (Olaizola et al., 1993; Rodriguez et al., 2003;
Vaillancourt et al., 2003; Brown et al., 2008) and in adjacent ACEs
(e.g., Haury, 1984; Huang et al., 2010). However, we still have very
limited understanding about the phytoplankton communities

TABLE 1 | Schematic representation of main physical and biological

differences between CE and ACE off East Australia.

Eddy properties Eddy type

ACE (warm core) CE (cold core)

Direction of circulation Counter clockwise Clockwise

Vertical structure Downwelling Upwelling

Sea surface height anomalies Positive Negative

Dissolved nutrient concentration Lower Higher

Mixed layer depth Deeper Shallower

Chlorophyll a concentration Lower Higher

that characterize eddy environments because they remain largely
under-sampled.

Phytoplankton are limited by two primary resources in
marine environments: light and nutrients (Behrenfeld and Boss,
2014). Eddies represent an interesting resource paradox because,
through physical processes, they influence light and nutrient
concentrations simultaneously. Indeed, the seasonal deepening
of the MLD can bring nutrient-rich water from depth into the
euphotic zone but decrease the total photon flux to cells. Due to
the differing nutrient requirements of phytoplankton, the water
mass below the MLD could therefore play an important role in
determining eddy phytoplankton concentration and composition
(Bibby and Moore, 2011; Dufois et al., 2016). Furthermore, the
shallower MLD that characterizes CE leads to higher light levels
in the surface mixed layer, while ACE have lower light levels
(Tilburg et al., 2002). Understanding what the primary driver
of phytoplankton dynamics in these two environments is an
important question, given the uncertainty in regional predictions
of primary production under projected ocean change (Bopp et al.,
2013).

Floristic shifts in phytoplankton at a regional level will
play an important role in determining the marine ecosystem
response to future climate change (Boyd and Doney, 2002).
Representation of phytoplankton in biogeochemical models
ranges in complexity from a single phytoplankton compartment
to multi-phytoplankton compartments that can be separated into
different functional groups and/or sizes (Fennel and Neumann,
2004). To advance knowledge about the physical-biological
interactions in mesoscale features and reduce uncertainty,
McGillicuddy (2015) suggests coupling in situ observations,
remote sensing, and modeling. Here, we follow such an inter-
disciplinary approach.

Our study area is eastern Australia (Figure 1), a region
strongly influenced by the southward flowing Eastern Australian
Current (EAC), which forms both CE and ACE (Hamon, 1965;
Tranter et al., 1986). EAC waters are low in nutrients and any
subsurface nutrients are rarely upwelled to the euphotic zone
(Oke and Griffin, 2011). However, increases in phytoplankton
biomass occur in this region as a response to occasional
upwelling-favorable wind events, the separation of the EAC from
the shelf or the formation of CE (Tranter et al., 1986; Cresswell,
1994; Roughan andMiddleton, 2002). Both eddy types form from
meanders in the EAC andmove into adjacent water with different
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FIGURE 1 | Map showing the study area, including the location of the

where water was collected for the shipboard manipulation experiment

(CTD35 IN2015_V03).

physical, chemical, and biological characteristics (Lochte and
Pfannkuche, 1987).

Here, we characterize phytoplankton dynamics in CE and
ACE off East Australia using a combination of in situ
observations, remote sensing, and modeling. We firstly explore
the level of phytoplankton complexity required to estimate
the phytoplankton chlorophyll-a (Chl-a) for eddies in the
East Australian system, using a single (WOMBAT) and a
multi-phytoplankton class model (EMS). Models were used
to simulate the observed Chl-a concentrations obtained from
satellites (MERIS, SeaWiFS, and MODIS-Aqua). Shifts in
phytoplankton composition and size distribution were also
examined using a manipulative ship-board experiment and
comparing outcomes with simulations. Results show that CE
and ACE off eastern Australia are not only characterized by a
different Chl-a concentration but also by different phytoplankton
composition. Both models suggest these differences are related to
distinct zooplankton dynamics. Furthermore, simulation results
are consistent with the ship-based experiment, highlighting
the important role of MLD and irradiance in driving eddy
phytoplankton dynamics off eastern Australia.

MATERIALS AND METHODS

Study Region and Location of Voyage
Experiment
The eastern Australian ocean region is significant for Australia’s
economy and marine ecology (Hobday and Hartmann, 2006).
This area is adjacent to capital cities, major shipping lanes
and regions of environmental significance (e.g., Great Barrier
Reef World Heritage area). Pelagic offshore fisheries, including
the valuable Bluefin tuna, are strongly influenced by the EAC,
the major western boundary current of the South Pacific sub-
tropical gyre (Mata et al., 2000; Ridgway andDunn, 2003; Hobday
and Hartmann, 2006; Brieva et al., 2015). Furthermore, the
ocean circulation of this region has a crucial role in removing

heat from the tropics and releasing it to the mid-latitude
atmosphere (Roemmich et al., 2005). In this region, climate
change is projected to increase eddy activity and hence primary
productivity (Matear et al., 2013). Due to its importance, the area
selected for this study is located between 30◦ and 40◦S, and 150◦

and 160◦E (Figure 1).

Description of Biogeochemical Models
To explore the level of complexity required to represent seasonal
phytoplankton dynamics associated with mean MLD variations
in CE and ACE within the domain, two biogeochemical
models were used. The first model, “WOMBAT” (Whole
Ocean Model of Biogeochemistry And Trophic-dynamics) is
a Nutrient, Phytoplankton, Zooplankton and Detritus (NPZD)
model, with one zooplankton and one phytoplankton class (i.e.,
total Chl-a concentration) characterized by a fixed C:Chl-a
ratio (Kidston et al., 2011, Figure 2A). WOMBAT has a total
of 14 different parameters. The second NPZD biogeochemical
model, Environmental Modeling Suite (EMS), is a more
complex size-dependent model characterized by a total of 104
parameters (CSIRO Coastal Environmental Modelling Team,
2014). EMS has been developed to model coupled physical,
chemical, and biological processes in marine and estuarine
environments (CSIRO Coastal Environmental Modelling Team,
2014) and can be implemented in a wide range of configurations.
We set it up with two phytoplankton and two zooplankton
classes, characterized by different sizes, growth, mortality, and
grazing rates (zooplankton only; Figure 2B). The two EMS
phytoplankton classes can adjust their C:Chl-a ratio daily, to
attain the ratio that allows optimal phytoplankton growth (Baird
et al., 2013).

Both biogeochemical models are configured as 0D to
represent a well-mixed MLD with a prescribed seasonal cycle of
nutrient levels below the MLD. Phytoplankton and zooplankton
concentrations are uniformly distributed in the MLD. The MLD
climatology was the only environmental factor differing between
the CE and ACE systems. The time series of temperature
in the MLD and nutrients below the MLD from the CSIRO
Atlas of Regional Seas dataset (CARS; http://www.marine.csiro.
au/~dunn/cars2009/; Ridgway et al., 2002) were used in the
simulations, with no distinction between the eddy environments.
The surface incident irradiance comes from seasonal climatology
of the region (Large and Yeager, 2008). Because other physical
phenomena, such as upwelling or downwelling were not
explicitly represented, the only supply of nutrients to the MLD
occurs with the deepening of the MLD (i.e., when the MLD is
shoaling there is no new supply of nutrients to the MLD). In
both models, when the MLD is deepening from a time step to the
next one, the nutrient concentration (calculated from the nitrate
dataset below the MLD obtained from CARS; Ridgway et al.,
2002) is added to the MLD. Following Matear (1995) approach
the nutrients concentration added in the MLD is calculated as:

Nt+1 =
δh ·Nb + h ·Nm

h+ δh

where h represents the MLD, δh the difference in the MLD
between the time t and t+1, Nb represent the nutrient
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FIGURE 2 | Structure of biogeochemical models used in this study. Arrows represent interactions and links between model compartments. (A)WOMBAT (Whole

Ocean Model of Biogeochemistry And Trophic-dynamics), which has one phytoplankton (P) and one zooplankton (Z) class, detritus (D), and one nutrient compartment

(N). (B) EMS (Environmental Modeling Suite), characterized by two phytoplankton (P) and zooplankton (Z) sized-based classes, detritus (D) and one nutrient

compartment divided into dissolved inorganic carbon, nitrogen, phosphate (DIC, DIN, DIP), and dissolved organic carbon, nitrogen, phosphate (DOC, DON, DOP).

concentration below the MLD, Nm the nutrient concentration in
the MLD.

To evaluate the sensitivity of the model to higher-frequency
variations in the MLD, we added Gaussian random noise to the
CE and ACE daily MLD dataset, where the standard deviation of
the random noise was estimated from the standard error of the
CE and ACE MLDs (i.e., ACE 1.3m; CE 1.2m).

Input Data and Implementation to
Biogeochemical Models
Because of their different dynamical balances, ACE and CE
can be identified through sea surface height anomalies (SSH)
detected by satellites (Lee-Lueng et al., 2010). A 17 year, 8-day
composite dataset of SSH anomalies (2 September, 1997–26
September, 2014), was downloaded from AVISO (Delayed-Time
Reference Mean Sea-Level Anomaly; http://www.aviso.altimetry.
fr/en/data/products/sea-surface-height-products.html). Eddies
were identified by prescribing ±0.2m SSH anomaly threshold
that characterizes ACE and CE, respectively (Pilo et al., 2015).
Satellite-derived Chl-a measurements (25 km spatial resolution,
8-day average) were downloaded from GlobColour (an ocean
color product that combines output from MERIS, SeaWIFS,
and MODIS; http://hermes.acri.fr/index.php?class=archive).
Using this kind of product ensures data continuity, improves
spatial and temporal coverage and reduces noise (ACRI-
ST GlobColour Team et al., 2015). To obtain MLD
measurements, Argo data (temperature, salinity, time, pressure,
location for every Argo Float) were downloaded from the
GODAE (Global Ocean Data Assimilation Experiment;
http://www.usgodae.org/cgi-bin/argo_select.pl). The MLD value
was defined as the depth where temperature changed by 1◦C
and density by 0.05 kg m−3 from the surface value (Brainerd
and Gregg, 1995; de Boyer Montegut et al., 2004; Dong et al.,

2008). The climatology of surface water (5m) temperature and
nitrate concentration below the MLD was obtained from CARS
(Figure 3; Ridgway et al., 2002); while we obtained the irradiance
from the seasonal climatology of the downward short wave
radiation at the surface of the ocean (Large and Yeager, 2008).
Before inputting to the models, all data were filtered to exclude
locations shallower than 1000 m, to avoid including data from
coastal systems.

The Chl-a and MLD datasets obtained from GlobColour
and GODAE were mapped in time and space onto the 8-day
averaged CE and ACE SSH fields. Thus, we obtained surface Chl-
a concentrations and MLDs for CE and ACE off East Australia
occurring from 1 December 2002 to 1 December 2014 in an 8-
day averaged dataset (Argo data are not available before 2002
in our domain). Chl-a concentration and MLD were averaged
over time periods (n= 546) at their original resolution, obtaining
a Chl-a and a MLD 8-day averaged seasonal climatology
for an idealized CE an ACE of the selected East Australia
region (Figure 4). The datasets extracted from CARS (nitrogen,
temperature, and light) were used in the two biogeochemical
models without any distinction between CE and ACE, as the
available data from CARS are an average of the whole area of
study.

Statistical Analysis and Goodness of the Fit
The student t-test was performed to assess statistical differences
between the CE andACEChl-a climatologies, calculated from the
GlobColour dataset. The same approach was applied to the MLD
climatology derived from the GODAE Argo dataset. The same
test was used to asses if there were statistical differences between
the average of the observed and modeled data (i.e., GlobColour
Chl-a climatology vs. simulated Chl-a), with significance for all
tests defined as p < 0.05.
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FIGURE 3 | Seasonal climatology of the study area (30◦S to 40◦S, 150◦E to 160◦E) for (A) surface temperature; (B) surface irradiance; (C) nitrate

concentration 5m below seasonal mixed layer depth. Data for (A,C) come from the CSIRO Atlas of Regional Seas (CARS) available at

http://www.marine.csiro.au/∼dunn/cars2009/. Data for (B) comes from seasonal climatology of the downward short wave radiation at the surface of the ocean (Large

and Yeager, 2008).

The goodness of the fit between simulated and observed
seasonal climatology of Chl-a was assessed through the Chi-
squared misfit (χ2):

χ2
=

1

ν

T∑

t=1

(Qt
m − Qt

o)
2

σ t

where Qt
m is the value of the modeled data at time t and Qt

o is the
observed value of Chl-a at time t, while σ t is the variance at time t

of the Chl-a climatology. The degrees of freedom are represented
by ν:

ν = no − np

where no is the number of observations, and np is the number
of fitted parameters. A χ2 value of ∼1 represents an acceptable
model fit to the observations.
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FIGURE 4 | Seasonal climatology of cold core CE (solid blue lines) and warm core ACE (solid red lines) eddies for: (A) mixed layer depth (MLD)

(GODAE); (B) surface chlorophyll-a concentration (GlobColour). The light blue and light red areas represent standard deviation for CE and ACE, respectively.

Data Assimilation
The observed CE and ACE Chl-a seasonal climatologies were
used for the data assimilation, with the purpose of finding
parameter sets that best fitted the observations from the
two environments (e.g., Matear, 1995). The observed Chl-a
climatology was assumed to represent the Chl-a concentration
in the MLD (i.e., Chl-a uniformly distributed in the MLD).
Although this assumption is commonly made, caution needs
to be used when interpreting results because a chlorophyll
maximum below the surface mixed layer may be not be detected
by satellites (e.g., Sallée et al., 2015). To quantify the difference
between the simulated and observed Chl-a concentrations we
used a cost function (x) defined as:

x =

T∑

t= 1

(lnQt
m − lnQt

o)
2

n

where Qt
m is the value of the modeled data (total Chl-a

concentration) at time t, Qt
o is the observed value of Chl-a at

time t and n is the number of samples over time. The “ln”
transformation was applied to achieve normal distribution of
the Chl-a concentrations around the mean seasonal value, thus
allowing us to employ statistical parametric methods.

To estimate the optimized parameter set for WOMBAT, we
used a simulated annealing algorithm based on the likelihood
cost metric (x). This approach has been previously used in
marine ecosystem models and can solve optimization problems
with a small number of unknown parameters (e.g., Matear,
1995; Kidston et al., 2013). The simulated annealing algorithm
was run for 200 iterations to allow the algorithm to converge
to the minimum cost function value. The data assimilation
was performed with WOMBAT, fitting CE and ACE seasonal
climatology independently by allowing eight parameters that
controlled plankton growth to vary (Table 3). Data assimilation
was also used to fit both the environments with one parameter
set to determine if the one-phytoplankton class model was
sufficiently complex to represent both eddy types.

The data assimilation was then performed with EMS, fitting
the CE and ACE Chl-a seasonal climatology independently and
fitting both the environments with one parameter set. Because
the simulated annealing algorithm computational requirements
are large and EMS is a much more complex model than
WOMBAT, we estimated EMS parameters with the conjugate-
gradient algorithm because it wasmore computationally efficient.
Although this algorithm is sensitive to the choice of the initial
model parameters, it is used to solve optimization problems with
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TABLE 2 | Results of the statistical comparisons (student t-test): Chl-a

means (observed vs. simulated, ACE observed vs. CE observed) and MLD

means (ACE observed vs. CE observed).

Chl-a concentration

ACE observed

vs. CE observed

ACE model vs.

ACE observed

CE model. vs.

CE observed

Chl-a climatology ***

p = 0.0002

MLD climatology **

p = 0.006

WOMBAT (CE and ACE,

2 distinct parameter set)

N.S. N.S.

0.12 < p < 0.49 0.22 < p < 0.42

0.8 < χ2 < 1.6 0.88 < χ2 < 1.1

WOMBAT (CE and ACE,

1 equal parameter set)

***

p = 0.001

**

p = 0.003

χ2 = 1.8 χ2 = 1.7

EMS (CE and ACE, 2

distinct parameter set)

N.S. N.S.

0.13 < p < 0.27 0.24 < p < 0.43

1.5 < χ2 < 2.2 0.6 < χ2 < 1.6

EMS (CE and ACE, 1

equal parameter set)

***

p = 0. 0003

**

p = 0.002

χ2 = 2.8 χ2 = 1.9

Results at significance values are highlighted: N.S, indicates not significant (p > 0.05);

*indicates p < 0.05; **p < 0.01; and ***p < 0.001. χ2 indicates the Chi-squared misfit

value: the closer χ2 is to 1, the more accurate the simulation. In this table, “p” and “

χ2 intervals represent the minimum and the maximum value obtained from acceptable

solutions. Simulations were considered acceptable when both p > 0.05 and χ2 > 2.5.

marine biogeochemical models as well (e.g., Fasham et al., 1995;
Evans, 1999). Advantages and disadvantages of using simulated
annealing or conjugate-gradient algorithms are discussed in
Matear (1995). The phytoplankton size classes in EMS were fixed,
with the purpose of representing two distinct phytoplankton
types to examine if their abundance was different between CE
and ACE: 2 µm diameter for small phytoplankton cells and 40
µm diameter for large phytoplankton cells. With EMS, the data
assimilation was allowed to vary 12 parameters—like WOMBAT,
they were the parameters controlling plankton growth (Table 4).

To recognize that there was not one unique solution, rather a
range of parameter values could produce acceptable solutions, we
show a range of simulated behavior to reflect the non-uniqueness
of the solution. From data assimilation results, only acceptable
solutions are shown, which were simulations where both 0 <

χ2 < 2.5 and there was no significant difference between the
annual mean simulated and observed Chl-a concentration (with
95% confidence in the equivalence test; Wellek, 2010).

Shipboard Manipulation Experiment
To investigate the potential shift in phytoplankton size and
abundance in a CE we examined phytoplankton responses to
increased light and nutrients by performing an experiment
during an oceanographic research voyage. The experiment was
carried out on board the RV Investigator (voyage IN2015_V03),
with water sampled from a station located in the EAC (32.7◦S
and 153.6◦E), inside the modeling domain (Figure 1). This
site was representative of potential source water for eddies,

allowing us to evaluate the effect of light and nutrients on the
phytoplankton community prior to the seasonal shoaling of the
MLD. Water was sampled a few meters below the MLD (∼110
m, water temperature ∼20.9◦C) and exposed to increased light
and nutrients. Sampled seawater was transferred directly from
the CTD-rosette into 15 acid-cleaned 4 L polycarbonate vessels.
Vessels were sealed, randomly assigned to three light treatments,
with half the bottles being amended with inorganic nutrients and
the other half remaining unamended, before they were all placed
in a deck-board incubator which had continuous flow of surface
seawater of∼21.5◦C. The nutrient enrichment consisted of daily
nutrient addition of dissolved inorganic Fe III 0.005 µmol L−1,
N as nitrate 1.2 µmol L−1, Si as silicate 1.2 µmol L−1, P as
phosphate 0.075 µmol L−1, in Redfield proportion (McAndrew
et al., 2007; Ellwood et al., 2013). The experimental treatments
included control (CON; ambient light i.e., ∼1% incident light,
no nutrient amendment), low light (LL; 20% incident light), high
light (HL; 40% incident light), low light and nutrients (LL+N),
high light and nutrients (HL+N), and were made in triplicate.
Incident light was attenuated using shade cloth. Pigment
samples for Ultra-High Performance Liquid Chromatography
(UPLC) analysis were collected from each bottle at the end
of the 5-day experiment, as well as the initial phytoplankton
community.

Samples for UPLC analysis were filtered through 25 mm glass
fiber filters (Whatman GF/F), filters were placed in cryotubes,
flash frozen in liquid nitrogen, and stored in a−80◦C freezer. The
pigment extraction was carried out following a modified method
used by VanHeukelem and Thomas (2001). Each filter was placed
into an individual 15mL falcon tube with 1.5 mL of chilled 90%
acetone. Each filter was then disrupted using a 40 W ultrasonic
probe for ∼30 s, keeping the tube in ice; then the samples were
stored at 4◦C overnight. The sample slurry was vortexed for 10 s
and clarified by passing through a 0.2 µm PTFE 13 mm syringe
filter before storage in UPLC glass vials, followed by analysis. The
dataset obtained from the UPLC analyses was analyzed following
Barlow et al. (2004) formulae and Thompson et al. (2011) for the
pigment quality control.

RESULTS

Characterization of CE and ACE
The physical environment of the CE and ACE show important
differences in their seasonal climatologies. For ACE, the MLD
is deeper than CE throughout the seasonal cycle (Figure 4A;
n = 365, p<0.01, Table 2). Conversely, the surface Chl-a
concentrations are higher in CE than ACE for most of the year
(Figure 4B, n = 365, p < 0.001, Table 2). Both Chl-a and MLD
show the greatest differences between CE and ACE in the May
and October period (austral winter/spring); while for the rest of
the year (November to April) Chl-a concentrations and MLD are
similar (Figure 4).

WOMBAT and EMS Simulations
Data assimilation to independently determine WOMBAT
parameter sets for the CE and ACE environments produced
acceptable simulations of the Chl-a seasonal climatology
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TABLE 3 | WOMBAT parameter set for CE and ACE fitted independently, and the optimized parameter set fitting the two environments simultaneously

(CE + ACE).

Parameter CE ACE CE + ACE Unit

Photosynthetic efficiency (initial slope of P–I curve) 0.020 ± 0.003 0.024 ± 0.006 0.024 day−1 (W m−2)

Shortwave fraction of photosynthetically active radiation 0.43 0.43 0.43

Half saturation constant for N uptake 1.2 ± 0.1 1.2 ± 0.1 1.23 mmol m−3

Phytoplankton maximum growth rate parameters a) 1.6 ± 0.2 1.7 ± 0.1 1.8 day−1

b) 1.066 1.066 1.066

c) 1.0 1.0 1.0

Phytoplankton mortality 0.02 ± 0.01 0.02 ± 0.01 0.03 day−1

Zooplankton assimilation efficiency 0.75 ± 0.1 0.6 ± 0.25 0.85

Zooplankton maximum grazing rate 2.55 ± 1.05 2.0 ± 0.5 1.70 day−1

Zooplankton prey capture rate 2.9 ± 1.1 3.1 ± 0.8 2.86 (mmol N/m2)−1 day−1

Zooplankton (quadratic) mortality 0.8 ± 0.1 0.3 ± 0.2 0.64 (mmol N/m3)−1 day−1

Zooplankton excretion 0.01 0.01 0.01 day−1

Remineralization rate 0.10 0.10 0.10 day−1

Sinking velocity 5.00 5.00 5.00 m day−1

TABLE 4 | EMS parameter set for CE and ACE.

Parameter CE ACE CE + ACE Unit

Large zooplankton growth efficiency 0.37 ± 0.03 0.29 ± 0.05 0.34

Small zooplankton growth efficiency 0.33 ± 0.03 0.27 ± 0.02 0.30

Large phytoplankton natural (linear) mortality rate 0.01 ± 0.003 0.01 ± 0.003 0.01 day−1

Small phytoplankton natural (linear) mortality rate 0.02 ± 0.008 0.02 ± 0.01 0.02 day−1

Large zooplankton natural (quadratic) mortality rate 0.76 ± 0.15 0.42 ± 0.08 0.55 (mmol N/m3)−1 day−1

Small zooplankton natural (quadratic) mortality rate 0.35 ± 0.02 0.42 ± 0.08 0.36 (mmol N/m3)−1 day−1

Large phytoplankton maximum growth rate at Tref 1.85 ± 0.25 1.7 ± 0.2 2.0 day−1

Large phytoplankton cells diameter 40.0 40.0 40.0 µm

Small phytoplankton maximum growth rate at Tref 1.1 ± 0.1 1.1 ± 0.1 1.1 day−1

Small phytoplankton cells diameter 2.0 2.0 2.0 µm

Small zooplankton maximum growth rate of at Tref 0.38 ± 0.02 0.4 ± 0.03 0.41 day−1

Small zooplankton swimming velocity 0.002 ± 0.0005 0.0015 ± 0.0003 0.0022 m/s

Large zooplankton maximum growth rate at Tref 0.85 ± 0.25 0.4 ± 0.1 0.62 day−1

Large zooplankton swimming velocity 0.052 ± 0.003 0.06 ± 0.005 0.058 m/s

Remineralization rate 0.10 0.10 0.10 day−1

Sinking velocity 5.00 5.00 5.00 m day−1

EMS contains a total of 104 different parameters, in this table are shown only the parameters that were allowed to vary during the data assimilation analyses (except large and small

phytoplankton cells diameter, remineralization rate, and sinking velocity).

(Figures 5A,B). Acceptable simulations are demonstrated by the
χ2 values and the non-significant t-student test (ACE p > 0.12;
CE p > 0.22, 95% confidence that the two dataset are equivalent),
confirming that there are no significant differences between the
average of the modeled and observed data (Table 2).

The data assimilation carried out with the single
phytoplankton model WOMBAT for the two eddy environments
yielded distinct parameter sets (Table 3). For acceptable
solutions, the main difference between the parameter sets
relate to zooplankton (quadratic) mortality, where CE shows
∼130% greater values than ACE (Table 3). From the acceptable
solutions, we show the primary production and zooplankton
concentrations for the two types of eddies (Figures 5C–F). When

the data assimilation tries to fit both the environments with a
single parameter set there is a significant probability (ACE p
= 0.003; CE p = 0.005, Table 2) the annual mean Chl-a differs
between the observed and simulated value.

The data assimilation carried out with EMS for the
two environments leads to acceptable simulation of Chl-a
(Table 2), with the simulated annual mean Chl-a consistent
with the observed value (ACE p > 0.13; CE p > 0.24,
95% confidence that the two dataset are equivalent; Figure 6,
Table 2). However, no acceptable solutions were found fitting
both the environments with one parameter set (Table 2). The
data assimilation with EMS produced distinct parameter sets
for the CE and ACE environments, with main differences
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FIGURE 5 | WOMBAT’s acceptable solutions obtained from data assimilation. Left column shows ACE seasonality and right column CE seasonality. The red

solid lines in plots (A,B) show the Chl-a observed seasonal climatology with the red shading denoting the standard deviation variability. In all remaining plots, the blue

areas represent WOMBAT acceptable solutions. Plots (C; ACE) and (D; CE) represent primary production (g C m−2) while plots (E,F) represent the zooplankton

dynamics for the ACE and CE systems, respectively.

related to the large zooplankton parameters: large zooplankton
quadratic mortality rate is ∼1.8 times greater in CE and large
zooplankton maximum growth rate is ∼2.1 times greater in CE
(Table 4). For the acceptable EMS solutions we show the primary
production for large and small phytoplankton and the seasonal
evolution of the small and large zooplankton concentrations
(Figures 6C–H). The development of the winter/spring (May–
October) phytoplankton bloom is driven by increased production
of large phytoplankton, that is considerably greater in the CEs
than the ACEs.

Simulations carried out to evaluate higher-frequency
variations in the MLD (i.e., with the inclusion of random noise),
produce plankton dynamics within the range of the acceptable
solutions (Figures 5, 6).

Shipboard Manipulation Experiment
The initial phytoplankton community sampled below the
EAC MLD, at ∼110m in June was composed mainly of
picophytoplankton (<2 µm) and nanophytoplankton (2-20
µm) while the microphytoplankton (>20 µm) was the least
abundant phytoplankton size class (Figure 7A). Prochlorococcus

(as indicated by the concentration of divinyl chlorophyll-
a) and haptophytes (hex-fucoxanthin) were the dominant
phytoplankton classes in the initial community (Figure 7B).
At the end of the shipboard experiment, the phytoplankton
composition (as determined by pigment analyses) was similar
in all treatments (Figure 7). By the end of the experiment,
there was a large change in the phytoplankton community,
highlighting a shift from nano and picophytoplankton
to the larger microphytoplankton (Figure 7A) and from
Prochlorococcus and haptophytes to diatoms (Figure 7B). The
pigment concentrations in the control vessels at the end of the
experiment were below detection (>0.004 µg L−1), and are
hence shown as zero in Figure 7.

DISCUSSION

The Role of Mixed Layer Depth and Light
on Phytoplankton
Statistical analysis of the MLD and Chl-a seasonal climatologies
clearly shows that CE and ACE off eastern Australia are
two distinct environments (Figure 4, Table 2). Similarities in
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FIGURE 6 | EMS acceptable solutions from the data assimilation. Left column shows ACE seasonality and right column CE seasonality. The red solid lines in

plots (A,B) show the Chl-a observed seasonal climatology with the red shading denoting the standard deviation variability. Patterns of the two EMS phytoplankton

classes (Chl-a) are represented in plot (C; ACE) and (D; CE), where red areas represent the large phytoplankton class (40 µm diameter) and blue areas represent the

small phytoplankton class (2 µm diameter). Plots (E; ACE) and (F; CE) represent the total primary production (g C m−2 ) in black and the primary production for small

(blue) and large phytoplankton (red). The total zooplankton biomass (g C m−2 ) is represented in black on plots (G; ACE) and (H; CE), while the small and large

zooplankton biomass is represented in blue and red, respectively.

the MLD and Chl-a seasonal climatology dynamics (Figure 4)
suggest the MLD could be a key environmental driver of
differences in Chl-a between these two environments. The
importance ofMLDdeepening to Chl-a seasonality in subtropical
water is consistent with a recent study of Chl-a variability in
eddies of the Indian Ocean (Dufois et al., 2016).

In both the single and multiple box phytoplankton models,
the MLD seasonal climatology was enough to drive the
phytoplankton dynamics and reflect the observed differences
between the CE and ACE environments (Figures 5A,B, 6A,B).

Although our simulations did not take physical dynamics (i.e.,
sub-mesoscale events) directly into account, these processes are
indirectly accounted for by the implementation of observed CE
and ACE MLD.

WOMBAT and EMS simulations confirm that MLD dynamics
play an important role in driving the Chl-a concentration
in both eddy types. The evolution of the MLD leads to
a change in both the nutrient concentration and the light
available for photosynthesis, which in turn influences the
phytoplankton abundance and community composition (Officier
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FIGURE 7 | Pigment analysis of phytoplankton in different treatments (shipboard incubation experiment): (A) size distribution at the initial and final

time of the experiment; (B) ratio between characteristic phytoplankton classes pigment and total Chl-a (Diatoms: Fucoxanthin, Haptophytes:

19-Hex-fucoxanthin, Synechococcus: Zeaxanthin, Prochlorococcus: DV Chlorophyll a, Barlow et al., 2004). In all panels it is represented the “T0 (110m)”

showing the initial condition and the “T final” showing the last day of the experiment (6th day). The treatments are labeled as: LL (20% surface irradiance), HL (40%

surface irradiance), N (daily nutrients addition). The control (CON, ∼1% incident light, no nutrient amendment). The CON is not represented at the end of the

experiment (T final) because the pigment concentrations were below detection (>0.004 µg/L).

and Ryther, 1980; Pitcher et al., 1991; Tilburg et al., 2002).
The differences in Chl-a and MLD between CE and ACE
are greatest in the austral winter/spring when surface light
irradiance are near their seasonal minimum (Figure 3B). During
the winter/spring period the MLD is deep and it has been
shown to cause strong light limitation of phytoplankton growth
(Behrenfeld and Boss, 2014). McGillicuddy (2015) hypothesized
that in such a light-limited regime, the shallower MLD of
the CE than ACE could lead to higher Chl-a concentration
in CE.

The shipboard manipulation experiment clarifies the effect of

light and nutrients on the phytoplankton community sampled

in the same area as our modeling study. The water collected in

austral winter from below the MLD (110m) originally contained

a low abundance of phytoplankton (total Chl-a concentration

0.068 ± 0.003 µg L−1, mean ± standard deviation). After being

exposed to 1% surface light (ambient irradiance at the sampling

depth) for 6 days, phytoplankton were undetectable (<0.004

µg Chl-a L−1), confirming they did not have enough light to
remain viable. The same phytoplankton community exposed to
20 and 40% surface irradiance resulted in growth and showed
a similar shift in community structure whether nutrients were
added or not (Figure 7A). The shipboard experiment reveals that,
in this region, during winter while the MLD is still deepening
(Figure 4A), the phytoplankton growth is limited by light rather
than by nutrients.

Phytoplankton Composition and Size
Structure
During the shipboard experiment with elevated light, the
phytoplankton community shifted from picophytoplankton (<2
µm;∼49% of the initial community) and nanophytoplankton (2–
20 µm; ∼35% of the initial community) to microphytoplankton
(>20 µm; ∼90% of the final community; Figure 7A). The
microphytoplankton appear most light-limited because they are
initially in lowest abundance and then dominate the community
when exposed to elevated light. The microphytoplankton are
almost totally composed of fucoxanthin-containing cells, most
likely reflecting diatoms (Figure 7B).

Data assimilation with WOMBAT and EMS showed that
both models could represent the seasonal evolution of Chl-
a in the two types of eddies if the two environments had
different parameter values (Table 2). The physical and chemical
environment that characterizes the CE in oligotrophic oceans,
generally drives the accumulation of large phytoplankton
species such as diatoms, while small phytoplankton species
and cyanobacteria are more characteristic of the surrounding
waters and ACE (Jeffrey and Hallegraeff, 1980; Olaizola et al.,
1993; Rodriguez et al., 2003; Vaillancourt et al., 2003; Brown
et al., 2008). EMS simulations are consistent with such behavior
where different phytoplankton dominate CE andACE (Figure 6).
In particular, EMS simulations show the differences between
CE and ACE Chl-a concentrations are attributed to the large
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phytoplankton class, while the small phytoplankton class has
similar dynamics in both the systems (Figures 6C,D). The
greatest difference in the EMS simulated large phytoplankton
occurs between May and October when observed Chl-a shows
the greatest differences between the ACE and CE Chl-a
(Figure 6).

Trying to get WOMBAT to use one parameter set to
represent both CE and ACE failed to satisfactorily represent Chl-
a observations (Table 2). WOMBAT’s failure to represent the
two environments with a unique parameter set may be expected
for a model that does not resolve different plankton sizes.
However, the parameter values from fitting the two environments
separately are very similar. Furthermore, EMS with its two
sizes of phytoplankton shows a similar pattern to WOMBAT,
where model simulations are unable to produce an acceptable
Chl-a simulation using one parameter set to represent both
ACE and CE. This suggests that it is more than phytoplankton
size that is driving differences between Chl-a in CEs and
ACEs.

Zooplankton
For both WOMBAT and EMS, the optimized parameter sets
suggest that the zooplankton in CE have twice the mortality
rate and nearly double the growth rate compared to the ACE
(Tables 3, 4). Hence, in both models, the phytoplankton grow
better in CE than in ACE, because of the higher mortality
of their grazers which reduces top-down grazing pressure.
Bakun (2006) suggests that an enhanced primary production
(typical of CEs) improves zooplankton growth but comes
at a cost of increased zooplankton predator abundance; this
concept is consistent with the higher zooplankton mortality
and growth rate obtained from the parameter optimization in
the CE system (Tables 3, 4). Another possible explanation is
that two distinct zooplankton communities characterize CE and
ACE, with higher grazing pressure in CE environments. Such
behavior is consistent with the water in CEs from this region
tending to have more coastal organisms than ACEs (Macdonald
et al., 2016). However, the interpretation of the difference
in zooplankton behavior requires some caution because it
may be related to eddy dynamics not directly considered in
our simulations (i.e., sub-mesoscale interactions). While the
differences in zooplankton properties between CE and ACE is a
robust feature of the model simulations, additional observations
are needed to confirm this result, and determine the mechanism
responsible.

CONCLUSION

Biogeochemical models are increasingly considering
phytoplankton composition to characterize elemental cycles in
the contemporary and future ocean (Finkel et al., 2009; Follows
and Dutkiewicz, 2011). This study shows that inclusion of
multiple phytoplankton groups provides useful, and potentially
unexpected, insights about ecosystem dynamics, demonstrating

divergent accumulation of biomass in different phytoplankton
and zooplankton size classes in CE and ACE.

To put the impact and relevance of these mesoscale features
in eastern Australian waters into perspective, an average of 13
CE and 15 ACE with a lifetime ≥10 weeks occur annually
in the study region (obtained from Chelton et al., 2011
eddy database, yearly average from 1 December 2002 to 4
April 2012). Given that the primary productivity in East
Australia is projected to increase 10% by the 2060s due to an
increase in eddy activity (Matear et al., 2013), it is therefore
critical to quantify plankton concentration, composition, and
functioning within eddies and adjacent water masses to
advance our understanding of their ecological and trophic
roles and impacts to regional fisheries and biogeochemical
cycling.
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