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We explored the relationship between mixing dynamics in the surface mixed layer
and the photoprotective response of phytoplankton. The distribution of photopro-
tective pigments was determined at 15 stations in subantarctic waters southeast of
New Zealand during austral autumn. The first-order kinetics of the phytoplankton
photoprotective response to both light and dark was determined using in situ simu-
lated (deck) incubations. The vertical mixing regime was deduced from two phys-
ical parameterizations based on CTD and ADCP profiles. A photophysiological
index based on the vertical profile of de-epoxidation state (DES) of the diadinox-
anthin-cycle to changes in light intensity was compared with the two physical esti-
mates of vertical eddy diffusivity. For short time scales (,12 h) and within a
similar water mass, the DES index provides within one order of magnitude an esti-
mate of average vertical velocity representative of the bulk vertical eddy diffusivity.
From the results, a conceptual model is presented of the quantitative relationship
between vertical mixing and phytoplankton photoprotection in the water column.
This relationship can provide additional insights into the effects of changes in
vertical eddy diffusivity in the surface mixed layer on the photoprotective response
of phytoplankton.
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I N T RO D U C T I O N

Understanding the relationship between vertical mixing
and phytoplankton photoacclimation has been a major
goal for oceanographers (Dusenberry et al., 1999).
Theoretical models suggest that the distribution and
variance of photoacclimation properties within a popu-
lation of cells are related to the mixing dynamics
(Falkowski, 1983; Cullen and Lewis, 1988; Dusenberry,
2000). The underlying theory assumes that if the water
column is perfectly stable and the surface irradiance
constant, light-dependant physiological processes will
adjust to the ambient light at that depth. Any vertical
mixing would disturb this ideal photoacclimation.

Indices of different physiological responses to light will
readjust to light at different rates and on different time
scales. The vertical distribution of the photophysiologi-
cal indices with depth will provide information on the
light history of the phytoplankton and can be used to
estimate the vertical mixing rate. This concept has been
applied to field studies using a range of physiological
indices including single-cell fluorescence (Therriault
et al., 1990; Dusenberry et al., 1999; Dusenberry, 2000),
photosynthesis– irradiance relationships (Franks and
Marra, 1994), carbon to chlorophyll ratios (Cullen and
Lewis, 1988), enzyme activity (MacIntyre and Geider,
1996) and variable fluorescence (Oliver et al., 2003).
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Several studies have investigated the time scales of
mixing in offshore marine ecosystems using photophy-
siological indices based on the photoprotective response
of algal cells via the carotenoid pigments changes
associated with the xanthophyll cycle (XC) (Bidigare
et al., 1987; Olaizola et al., 1992; Kashino et al., 2002;
Brunet et al., 2006, 2007, 2008). In several algal classes
including Bacillariophyta (diatoms), Dinophyta (dinofla-
gellates), Haptophyta and some Chrysophyta which
together are largely responsible for oceanic primary
production, the photoprotective response is through an
enzyme controlled de-epoxidation of diadinoxanthin
(Dd) to diatoxanthin (Dt) which dissipates excess light
energy into heat to protect the photosynthetic machin-
ery of photosystem II (Casper-Lindley and Bjorkman,
1998; Lavaud et al, 2004; Dimier et al., 2007).

The de-epoxidation state (DES) is activated with
increasing irradiance resulting in the rapid interconver-
sion of Dd to Dt (seconds to minutes) (Arsalane et al.,
1994; Olaizola and Yamamoto, 1994). Under sustained
or intermittent high irradiance, there is a gradual
increase in the pool of Dd-cycle pigments (minutes–
hours) (Olaizola and Yamamoto, 1994; Olaizola et al.,
1994; Fujiki and Taguchi, 2002; Lavaud et al., 2002a, b,
2007). Under dark or very low light conditions, the
reverse and slower interconversion of the pigments
occurs with the epoxidation (ES) of Dt to Dd.

XC activity is also a function of other variables apart
from light. The cellular content of Dd varies with
species (Jeffrey and Vesk., 1997). Apart from diatoms,
the ecophysiology of the XC cycle has been compared
in pico- and nano-phytoplankton species demonstrating
a large diversity in XC activity and efficiency possibly
related to the ecological characteristics (Dimier et al.,
2009a, b). Algal XC activity is also dependant on the
physiological and nutritional state of the algae (Staehr
et al., 2002). The cellular content of XC pigments has
been observed to increase in stressed phytoplankton
without any change in light conditions (Brunet et al.,
1996, Staehr et al., 2002). Low iron concentrations result
in higher content of Dd per unit of Chl a (Kosakowska
et al., 2004).

Studies on the relationship between vertical mixing
and XC activity have employed different photophysiolo-
gical indices including Dd/Chl a, Dt/Chl a, (Dd þ Dt)/
Chl a and Dt/(Dd þ Dt). Each of these indices poten-
tially represents a different time scale of photoprotec-
tion. Using the ratio Dd/Chl a, Claustre et al. (Claustre
et al., 1994) successfully determined vertical velocities at
a geostrophic front in the Alboran Sea, whereas the
ratio (Dd þ Dt)/Chl a provided estimates of vertical dis-
placement rates and turnover times during the develop-
ment of a large Antarctic diatom bloom (Moline, 1998).

By incorporating Dd, both these indices imply
long-term processes (days–weeks). The reliability of
photophysiological indicators incorporating Chl a as an
indicator of biomass and physiological status has been
questioned (Kruskopf and Flynn, 2006). The use of
indices with normalization by Chl a is considered mis-
leading as it includes algal biomass without Dd-cycle
pigments (Brunet et al., 2007). Studies in the
Mediterranean Sea have shown the value of the DES
index Dt/(Dd þ Dt) rather than Dt/Chl a to realistically
infer vertical mixing velocities (Brunet et al., 2003, 2007,
2008).

The usefulness of this approach depends on reliable
and independent physical estimates of the rate of verti-
cal mixing. In typical ocean mixing events, the vertical
length scale of motion mixing is small (order of cm),
consequently it has been very difficult to obtain esti-
mates of vertical mixing in the surface mixed layer by
physical means (Cisewski et al., 2005). Indirectly, vertical
mixing can be estimated from parameterizations
applied to conductivity, depth, temperature (CTD) data
and Acoustic Doppler current profiler (ADCP) data.

The aim of this study is 3-fold: first, to compare the
DES index to oceanographic conditions in subantarctic
waters. Secondly, to obtain estimates of vertical mixing
using two different physical parameterizations and
compare these to the biological DES index. Thirdly, to
develop a simple hypothetical model of the relationship
between irradiance and the DES index which can
provide information on vertical mixing.

M E T H O D

Sampling

This study was conducted as part of the National
Institute of Water and Atmospheric Research (NIWA)
cruise SAA5 in subantarctic waters south-east of New
Zealand in Austral autumn between 26th of April 2003
and 27th of May 2003. Fifteen stations were sampled
along two east–west transects (Fig. 1).

Profiles of temperature, salinity and density were col-
lected with a CTD Sea-Bird 911plus profiler with an
attached 12-bottle water sampler. A dual sensor con-
figuration was employed (two conductivity sensors and
two temperature sensors) together with oxygen and alti-
meter sensors. Photosynthetically active radiation (PAR)
400–700 nm was measured using a Biospherical
Instruments QSP-2000 Quantum Scalar Sensor. The
instruments were calibrated before and after the cruise.
During the cruise, in situ calibration for temperature was
carried out with reversing thermometers, and salinity
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samples were analysed with an Autosal Salinometer on
board. Details of the processing and calibration of the
temperature and salinity data are given in Walkington
(Walkington, 2003). Temperature is estimated to be
accurate to +0.0028C and salinity to +0.005 psu. The
usual descent rate was 1.0 m s21 corresponding to a ver-
tical resolution of +4 cm with data sampling at 1 m
intervals.

Current velocities were measured continuously along
the ship’s track with a hull mounted 150 kHz RD
instruments ADCP. The ship’s velocity was calculated
from Global Positioning System (GPS) fixes. Due to the
depth (up to 3000 m) at many of the stations, it was not
possible to use the bottom tracking function of the
ADCP to measure the ADCP’s speed-over-bottom and
detected range-to-bottom. The absolute heading, roll
and pitch data from the ship’s gyro platforms were used
to convert the ADCP velocities into earth coordinates
velocity by subtracting the ship’s velocity from the rela-
tive water velocity measured by the ADCP. Only the
ADCP data collected while the ship was stationary for
CTD casts have been used. The data were collected in
4 m depth bins with the uppermost layer centred at
17 m depth to remove surface effects. The averaging
interval was 300 s. The ADCP data were processed
using MATLAB routines.

Estimation of the DES first-order
rate constant

The first-order rate constant k (h21) was calculated for
the DES index under natural light (deck incubations)
for the shift in light intensity from dawn and for the
reversal conversion for the ES index in the dark from
sunset. Three on-board incubation experiments were

conducted on clear sky days using water collected 2 h
before dawn from the surface at the Campbell Plateau
(Site 11), Pukaki Gap (Site 21) and the Bounty Plateau
(Site 33). The samples were incubated on deck in three
clear 20 L polycarbonate containers screened with Lee
neutral density filters to allow 90% of incident light. All
samples were placed in a bath of seawater fed from a
deck hose, to keep the samples at the temperature (8–
118C) of the surrounding ocean. The samples were also
slightly stirred for 30 s every 30 min to re-suspend any
cells that may have settled. Triplicates samples for both
the light and dark conversions were collected at regular
intervals and were immediately filtered in the dark onto
Whatman 25 mm GF/F glass-fibre filters, frozen by
liquid nitrogen and stored in liquid nitrogen (21968C)
until analysis within 2 months. PAR was continually
measured with a Li-Cor LI-192SA underwater
quantum sensor attached to the bottom of one of the
sampling containers exposed to daylight and connected
to a Li-Cor Li-1000 datalogger.

The first-order rate constant k (h21) for the DES
index in the light and the ES index in the dark was
determined from the on-board incubation experiments
by fitting the first-order kinetic model of Falkowski
(Falkowski, 1983):

� k ¼ 1

t
ln

Pt � P1

P0 � P1

� �
ð1Þ

The rate constant is defined by the slope of the logar-
ithmic progression of the DES index or ES index versus
time t where P ¼ Dt/(Dd þ Dt) or Dd/(Dd þ Dt). Pt is
the ratio at time t, P0 is the ratio at time zero and P1 is
the ratio when cells become acclimated to the ambient
light.

Fig. 1. Study site and sampling stations along transects T1 and T2.
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Phytoplankton collection and pigment
analysis

At each sampling station (Fig. 1), discrete water
samples were collected at 10-m intervals to 50 m using
10 L Niskin bottles mounted on the CTD rosette
sampler. Surface samples were also collected at the
same time. Water samples were initially pre-screened
through a 200 mm nylon mesh net to remove large
zooplankton and debris. Two litre samples were
immediately filtered in the dark onto Whatman 25 mm
GF/F glass-fibre filters, frozen by liquid nitrogen and
stored in liquid nitrogen (21968C) until analysis
within 2 months. Storage under liquid nitrogen results
in the recovery of at least 96% of pigments after
1 year (Mantoura et al, 1997). To extract the pigments,
the filters were cut into small pieces and placed in
2.5 mL micro centrifuge tubes with 100% methanol.
The samples were placed in an ice bath and sonicated
in the dark for 15 min. The samples remained in the
dark and were extracted at 2208C for 24 h. After
extraction, the samples were centrifuged to remove the
filter paper and then filtered through a 0.45 mm PTFE
filter. The samples were then analysed by high per-
formance liquid chromatography using a Shimadzu
LC-10AD with a SCL-10aVP system controller. Three
replicates were processed for each sample (n ¼ 90) and
averaged. The pigments were separated using a
Phenomenex Onyx Monolithic C8 column 100 �
4.6 mm. The pigments were separated using a caroten-
oid specific analytical gradient protocol (Zapata et al.,
2000) with methanol:acetonitrile:aqueous pyridine
(50:25:25 v:v:v) as Solvent A and acetonitrile: acetone
(80:20 v:v) as solvent B at a flow rate of 0.8 mL
over 40 min.

Just prior to the HPLC run, an ion pairing solution
(1.0 M ammonium acetate) was added to each sample
vial in a ratio of three part extract:one part ammonium
acetate to improve peak resolution (Wright and
Mantoura, 1997). The separated pigments were detected
at 436 nm and identified using Shimadzu Class-VP
version 5.032 software. Standard pigments of Dd, Dd
and Chl a were purchased from DHI Water and
Environment in Denmark and the concentration of each
pigment was determined against these standards.

Estimation of the vertical velocities of the
phytoplankton cells

Estimates of the vertical velocity of the phytoplankton
cells from a depth of 50 m to the surface were deter-
mined from the model of Falkowski (Falkowski, 1983)

based on first-order kinetics:

TPP ¼
1

�k
ln

Pt � P1

P0 � P1

� �
ð2Þ

where TPP was the time for a pigment change within
the water column under daylight for a phytoplankton
cell transported from a depth of 50 m to the surface.
P is the DES index, P0 the DES index at 50 m depth
and Pt is the DES index at the surface. P1 and the first-
order rate constant k were calculated from the on-board
incubation experiments.

The de-epoxidation first-order rate constant k for the
DES index was adjusted to allow for the epoxidation in
the dark of some of the Dt to Dd as the samples were
returned to the surface and for the time of filtering
(�20 min per sample) using the epoxidation first-order
rate constant k determined from the on-board incubation
experiments. The vertical velocity (m s21) was then cal-
culated by dividing the depth (50 m) by the time TPP.

Estimation of the vertical eddy diffusivity
and other quantities from the physical data

From the CTD profiles, estimates of the Brunt Väisälä
frequency squared N2, which provides a measure of the
vertical stratification or static stability of the water
column was calculated according to:

N 2 ¼ g

r0

� �
Dr

Dz

� �
ð3Þ

where g is the acceleration due to gravity, r0 is the refer-
ence density and Dr/Dz is the density gradient over the
depth interval Dz. The CTD data were sub-sampled at
equivalent depth intervals to the ADCP data (4 m
depth spacing). The squared shear S2 was estimated
from the ADCP data at 4 m depth intervals with the
uppermost bin centred on the 17 m depth:

S2 ¼ @u

@z

� �2

þ @v

@z

� �2

ð4Þ

where u and v are the two components of the horizontal
velocity and z the depth bin.

Calculation of shear does not require ADCP
measured absolute velocities.

An estimate of noise in the ADCP calculation is
needed to assess the accuracy of Richardson number-
based parameterizations. As these measurements were
taken with the ship stationary, errors related to ship
movement were small. Based on the manufacturer’s spe-
cifications for the ADCP, a depth cell length of 4 m and
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an ensemble length of 120 s, the short-term accuracy is
�0.5 cm s21 producing an root mean square (RMS)
error of S2 , 1 � 1026.

From the Brunt Väisälä squared N2 and the squared
shear S2, the vertically averaged gradient Richardson
number Ri, which represents the ratio of the stabilizing
stratification to the destabilizing shear, was obtained
according to:

Ri ¼ N 2

S2
ð5Þ

The vertical diffusivity KG associated with internal
waves was derived using the parameterization of Gregg
(Gregg, 1989):

Kg ¼ 5� 10�6 m2 s�1kS4

N 4
l: ð6Þ

The coefficient (5 � 1026) has been applied so that
the internal wave variance is consistent with the
Garrett–Munk spectrum (Garrett and Munk, 1979).

The bulk vertical diffusivity KPP was estimated using
the equation of Pacanowski and Philander (Pacanowski
and Philander, 1981):

KPP ¼
5� 10�3 m2 s�1 þ 10�4ð1þ 5RiÞ2

ð1þ 5RiÞ3
þ 10�5 ð7Þ

R E S U LT S

Pigment distributions, light
and hydrography

The pigment distribution of Dd/Chl a and Dt/Chl a

showed significant spatial variation (Fig. 2). Dd/Chl a

and Dt/Chl a were the highest at Station 11 on the
Pukaki rise decreasing eastward across the Pukaki Gap.
The ratios for both Dd/Chl a and Dt/Chl a were low
on the edge of the Bounty Plateau at Stations 29 and
33. The highest ratio of Dt/Chl a occurred from the
eastern edge of the Bounty Plateau across to Bollons
Seamount between Stations 36 and 38.

Two different water types representing variations of
Subantarctic Mode Water (SAMW) were identified in
the surface mixed layer from the potential temperature,
salinity and potential density profiles. Warm and salty
water SAMW is present between Stations 11 and 14 and
between Stations 36 and 38. Fresher and colder SAMW
occurs in the Pukaki Gap between Stations 16 and 21.
A detailed description of water masses in the region is
provided in Morris et al. (2001).

The DES index and irradiance (Fig. 3) was signifi-
cantly correlated (Pearson’s correlation r ¼ 0.68,

n ¼ 31). There was no correlation between temperature,
salinity and potential density.

Vertical distribution of DES

The vertical distributions of the DES index from the
surface to 50 m for all daytime stations are shown in
Fig. 4. Due to operational constraints, it was only poss-
ible to sample to 50 m and not to the base of the surface
mixed layer at all stations. The shape of the profiles
varied significantly between stations. The shape of the
profiles can be interpreted in terms of the Cullen and
Lewis (Cullen and Lewis, 1988) logistic model. The dis-
tribution of the DES with depth is an indication of the
relative magnitude of the short-term time scale (minutes
to hours) of the photoprotective response of the phyto-
plankton relative to the time scale of mixing. The near
vertical distribution of the index at Station 11 suggests
that the rate of vertical mixing was faster than the photo-
protective response of the phytoplankton. The exponen-
tial decrease with depth of the ratio at Station 29 implies
that the rate of vertical mixing was slower than the
photoprotective response. The depth profiles of the
other stations represent a situation where the rate of ver-
tical mixing and photoprotection varies through the
profile. In the upper 20 m of Stations 13, 15, 18, 29
and 33, the photoprotective response was greater
than for vertical mixing. Below 20 m, the magnitude of
the photoprotective response was less but still greater
than the rate of vertical mixing. At all the stations,
the highest values for the index occurred near or at the
surface.

On-board pigment kinetic experiments

The first-order kinetic coefficients (k, h21) from the
three on-board time-course experiments for the change
in the DES with increasing irradiance from dawn to 2 h
after midday varied between 0.02 and 0.037 h21

(Table I). The rate constants were similar for the
three different deck incubation experiments although
surface irradiance conditions varied. The P1 value
(zero-order kinetics) varied between 0.3 and 0.38.
The rate constants for the change in the ES in the
dark were much slower and varied between 0.003
and 0.009 h21.

Estimated vertical velocities and mixing
times from the DES index

Estimates of the vertical velocity (m s21) and mixing
times (h21) of a phytoplankton cell determined from
the DES are shown in Table II. The estimates were
calculated using equation (2) with a rate constant k of
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0.026 (h21), which represents the average from the
three on-board incubations (Table I). The vertical
velocities varied from 9.22 � 1025 m s21 at Station

36 to 1.05 � 1023 m s21 at Station 20. The estimated
time of mixing within the upper 50 m lay between 7 h
and 150 h.

Fig. 2. Longitudinal distribution of the XC pigment concentrations (A), Dd/Chl a along transect T1 (B), Dt/Chl a along T1 (C), Dd/Chl a
along transect T2 (D), Dt/Chl a along T2.
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Physical estimates of vertical mixing

Two different estimates of the vertically averaged eddy dif-
fusivities were calculated from the ADCP and CTD data

(Table II). The KPP values are an estimate of bulk vertical
diffusivity based on the parameterization given by
Pacanowski and Philander (1981), whereas the KG esti-
mates derived from the parameterization given by Gregg
(1989) are an estimate of the vertical diffusivity associated
with internal waves. Parameterizations of vertical eddy
diffusivity based only on the Brunt Väisälä frequency (N)
do not take into account locally generated shear. The
Richardson number Ri based parameterizations used
in this study are a more appropriate function as they
represent the balance between the stabilizing buoyancy
frequency and the destabilizing shear (Law et al., 2003).
These estimates of bulk eddy diffusivity can be considered
to be an integrated measure of all the mixing processes
providing a “background” estimate of the physical pro-
cesses transporting phytoplankton up and down within
the euphotic zone. Vertical averages for KPP within the
upper 50 m ranged from 1.02 � 1023 to 9.35 � 1023.
Quantitatively, KG was one to two orders of magnitude
smaller than KPP and ranged between 9.37 � 1025 and
8.08 � 1024.Fig. 3. Relationship between DES and PAR.

Fig. 4. Daytime vertical profiles of DES. Stn, sampling stations.
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DES index and estimates of vertical mixing

The integrated mean of the DES index over the
sampling depth (50 m) was significantly related
(Pearson’s correlation r ¼ 0.35, n ¼ 15) with the MLD
(Fig. 5A). The MLD varied between 18 and
129 m (Table II). At three stations (18, 20 and 38a), the
MLD was shallower than the sampling depth for the
XC pigments. The lowest mean DES occurred when
the MLD was shallow and the highest mean DES with
the deepest MLD. The mean DES was significantly cor-
related (P , 0.001) with the KG estimates of vertically
averaged vertical diffusivity (Fig. 5B), but was not corre-
lated with the KPP estimates (Fig. 5C).

D I S C U S S I O N

By measuring the vertical distribution of the DES in the
water column and determining the first-order kinetic
equations for the de-epoxidation of Dd to Dt with in situ

experiments under natural light, it has been possible to
estimate the vertical velocity (1.05 � 10–3 to 9.22 �
10–5 m s21) and mixing times (7–150 h) of algal cells
possessing the XC in the open ocean. The values

reported here are within the range reported for the
coastal Mediterranean (Brunet et al., 2003).

There was no correlation between the DES index
and water properties. The highest values of Dd/Chl a

occurred between Stations 36 and 38, in colder and
fresher surface water associated with the Subantarctic
Front (SAF) (Uddstrom and Oien, 1999). The phyto-
plankton species assemblages in these waters during
austral autumn are dominated by small-celled nanofla-
gellates and diatoms (Chang and Gall, 1998). The
higher values of Dd are possibly a result of change in
species composition with a population consisting of
more diatoms, which contain higher cellular concen-
trations of XC pigments than nanoflagellates and are
considered an opportunistic group able to exploit
frontal areas such as the SAF (Sakshaug et al, 1997).
The high concentration of Dd may be a consequence of
subnanomolar concentrations of dissolved iron found in
the region (Boyd, 2002). Under iron stress, the cellular
concentration of Dd in relation to Chl a has been
shown to increase (Kosakowska et al, 2004).

XC activity occurred throughout the study area with
Dt present throughout the water column. Given the
lower irradiance conditions of autumn, Dt content was

Table II: Estimates of the DES derived vertical velocity (m s21) and mixing times (h21) and the
vertically averaged eddy coefficients (m2 s21) for the physically derived parameterizations KPP and KG

Stn
Sampling start time
(NZDT)

MLD
(m)

DES vertical velocity
(m s21)

DES mixing time
(h21)

KKPP

(m2 s 21)
KKPP MT
(h21) KKG (m2

s
21
)

KKG MT
(h21) VMI

11 12:30 102 1.80 � 1023 7.7 1.53 � 1023 9 4.66 � 1024 29.9 0.56
13 13:54 92 5.27 � 1024 26 1.17 � 1023 11.9 2.76 � 1024 50.5 0.19
14 10:00 74 1.18 � 1023 11.8 1.02 � 1023 13.6 2.15 � 1024 64.9 0.37
16 14:10 62 7.06 � 1023 2 4.92 � 1023 2.8 7.37 � 1024 18.9 0.23
17 14:29 68 1.25 � 1023 11 4.56 � 1023 3 8.08 � 1024 17.2 0.09
18 11:04 18 1.49 � 1024 93 4.89 � 1023 2.8 5.55 � 1024 25.12 0.09
20 12:14 44 1.05 � 1023 13 6.04 � 1023 2.3 9.37 � 1024 14.8 0.32
21 14:00 64 7.55 � 1024 18 3.98 � 1023 3.5 1.58 � 1024 89.2 0.26
29 13:20 120 4.04 � 1024 34 4.96 � 1023 2.8 1.24 � 1024 113.6 0.15
33 14:40 107 1.48 � 1024 94 4.80 � 1023 2.9 2.67 � 1024 52 0.10
36 10:45 129 9.22 � 1025 151 1.58 � 1023 8.8 4.95 � 1024 28.0 0.09
37 12:05 93 1.30 � 1024 107 6.53 � 1023 2.1 1.05 � 1024 132.3 1.2
38a 13:27 40 1.58 � 1024 88 1.12 � 1023 12.5 2.52 � 1024 55.5 0.66
38b 14:17 85 3.10 � 1024 45 4.66 � 1023 3 1.25 � 1024 111 1.69
38 14:00 112 3.08 � 1024 45 4.02 � 1023 3.5 1.72 � 1024 82 1.8

The mixing times (h21) derived from KPP (KPP MT) and the calculated VMI for the upper 50 m for each station.

Table I: First-order kinetic coefficients (k, h21) for the DES [Dt/(Dd þ Dt) ratio] under natural light
from dawn to 2 h after midday the three on-board incubation experiments

Site Light environment DES kk (h21)

Campbell Plateau; Station 11 49.36.008S, 171.30.058E LL to HL (11–600 mmol photons m22 s21) 0.025+0.0017
Pukaki Gap; Station 21 49.17.068S, 177.29.948E LL to HL (8–450 mmol photons m22 s21) 0.033+0.0019
Bounty Plateau; Station 33 48.15.458S, 179.29.938E LL to HL (45–900 mmol photons m22 s21) 0.02+0.0035

Mean values with standard error of the mean (n ¼ 3). P1, the final DES ratio at the end of the experiment.
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expected to be low. Southern Ocean phytoplankton are
known to be shade adapted and it is possible that the
XC is activated under lower irradiance conditions than

temperate species. Oceanic diatoms are considered to
have lower photoprotective ability compared with
coastal diatoms possibly as an adaptation to low iron
stress (Strzepek and Harrison, 2004). In our study, the
Dt content and DES index suggest the opposite.

The amount of Dt may indicate incomplete epoxida-
tion of Dt back to Dd affecting the DES. The recovery
of pigments in the dark or under low light conditions
occurs on a much slower time scale. The diel variation
in vertical profiles of Dd-cycle pigments in Southern
Ocean waters south of Australia have demonstrated that
phytoplankton are able to fully adapt to the darkness at
all depths (Clementson et al, 2001).

Comparison of mixing estimates

To test the hypothesis that the vertical profile of the
DES can be used to estimate vertical velocity and
mixing times within the surface mixed layer, we applied
two independent physical estimates of mixing. Because
light decreases exponentially with depth, vertical displa-
cement by eddy diffusion and internal waves results in a
phytoplankton cell being exposed to an average light
intensity greater than the light intensity at the cell’s
average depth during the day. KG which is a measure of
vertical diffusivity associated with internal waves was
significantly correlated with the DES index (P , 0.001)
but not with the physical estimate of KPP (Fig. 5B). The
RMS of vertical displacement in the deep ocean within
one inertial (tidal) period ranges from 7 to 20 m by
internal waves to less than 1 m from eddy diffusion
(Woods and Wiley, 1972). For algal cells within the
euphotic zone, vertical motion by turbulent eddy diffu-
sion (KPP) is unlikely to increase average light intensity
in comparison with internal waves (KG). For eutrophic
waters, Lande and Yentsch (Lande and Yentsch, 1988)
have shown that internal waves can increase average
light intensity on phytoplankton in the lower euphotic
zone by 1.65–7.38.

The bathymetry of the study area varies significantly.
Stations 14 to 20 are located across the edge of the
Pukaki Rise and Stations 21–35 are located across the
southern edge of the Bounty Plateau (Fig. 1). Internal
waves generated at a shelf such as on the edge of the
Pukaki Rise and Bounty Plateau can be tens of metres
(Garrett and Munk, 1979), which may contribute to the
high KG values. At Stations 37, 38a, 38b and 38, which
were all sampled within the same daylight period and
within the same water mass from 0700h to 1600h local
time, the relationship between these two estimates is
statistically significant (least squares regression r2 ¼

0.70, n ¼ 24, P , 0.01). The correlation is less for the
other stations which were not sampled within the same

Fig. 5. Relationships between the integrated mean DES and (A)
mixed layer depth (MLD), (B) KG eddy diffusivity estimate and (C) KPP

eddy diffusivity estimate.
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12 h period and within the same water mass. This
implies that for short time scales (,12 h) and within
similar water mass, the DES index provides (within one
order of magnitude) an estimate of averaged vertical vel-
ocity representative of the bulk vertical eddy diffusivity
generated by internal waves. Consequently, the DES
index is potentially a useful biological tracer of the influ-
ence of internal waves on the XC cycle.

At some stations (18, 10 and 38a), the MLD was shal-
lower than our sampling depth and at the remaining
stations the MLD was deeper than the sampling depth.
Without vertical displacement of the algal cells, the DES
index should be lower the deeper the MLD as a result of
lower integrated PAR. In this study, the DES index
increased the deeper the MLD (Fig. 5A) suggesting that
vertical displacement has a more significant effect on the
DES index than the depth of the MLD.

Conceptual model of the response of the
pigment ratio to vertical mixing

The relationship between phytoplankton photoprotec-
tion and vertical mixing processes in the surface mixed
layer can be interpreted using a simple conceptual
model of the DES based on the concept of hysteresis
proposed by Cullen and Lewis (Cullen and Lewis,
1988) in which the DES index represents the light
history of the sampled phytoplankton. This concept has
been successfully applied using a range of photoadap-
tive parameters (Cullen and Lewis, 1988; Dusenberry,
2000; Oliver et al, 2003). The Dd-cycle offers a signifi-
cant advantage over the other photoadaptive par-
ameters as the light response of the conversion of Dd to
Dt occurs rapidly (seconds to minutes), while the
reverse conversion from Dt to Dd in the dark or under
low light occurs significantly slower (minutes to hours).

The DES index reflects the highest irradiance experi-
enced in their recent light history (seconds to minutes)
within the water column. We have assumed that the
DES at one depth represents an average of the cells of
the natural population within the length scale of the
sampling, which in this case is 10 m. If phytoplankton
cells are vertically at rest and adapted to the highest
irradiance at each depth then the activity of the
Dd-cycle will be adapted to the irradiance at that depth
and the curve of the index DES will correspond to the
curve of the irradiance profile. That is, DES ¼ I, where
I ¼ irradiance. If, on the other hand, vertical mixing
begins to affect the cell, the relationship of the vertical
profile of the DES to the light profile will be disrupted.
If the cell is transported faster than the change in the
DES with the increasing light field, then the light
profile and the profile of the DES index will differ.

The difference between the two curves is then an indi-
cation of the relative importance of vertical mixing. The
relative difference between the two curves can be shown
as a ratio of the slope of the regression between depth
and the log of the irradiance profile In (I) and the slope
of the regression between depth and the log of the
photophysiological index In (DES) (Fig. 6). When the
photoprotective response of the phytoplankton is at a
similar time scale to the change in irradiance then the
slope of DES will match the slope of the irradiance
profile (Fig. 6A). However, if the cells are being advected
vertically at a rate faster than the photoprotective
response, then the difference between the two profiles
DES and I can be interpreted to indicate vertical motion
caused by turbulent mixing and/or sinking (Fig. 6B).

This difference between the slopes of DES and irradi-
ance can be quantified by the ratio of the slope of DES

Fig. 6. Conceptual model of the vertical response of the
photoprotective ratio DES to the irradiance profile I as a measure of
the relative intensity of vertical mixing. The difference in the slope of
the DES and I is the relative intensity of vertical mixing which is
important in (B) but not in (A).
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divided by the slope of I. An index which we have
termed the bulk vertical mixing index (VMI) can then
be estimated for each station:

VMI ¼ DR� DI

M
ð8Þ

where R is the slope of the index Dt/(Dt þ Dt) and I

the slope of the irradiance profile, M ¼ tan u.
A value of 1 indicates that the time scales of photo-

protection and vertical mixing are equal. If the VMI is
greater than 1, this indicates the greater relative magni-
tude of vertical mixing. A VMI less than 1 suggests that
either there is insufficient light for the Dd-cycle to be
active or that the relative magnitude of photoprotection
is less than vertical mixing. It is important to note that
the VMI only provides an upper bound of the vertical
mixing and/or sinking within the depth profile. At any
depth, the natural population of phytoplankton will
consist of both sinking and mixing cells. The effects of
mixing and sinking cannot be separated and that the
value of the ratio at any depth can represent rising cells
adapting to the irradiance or cells sinking which have
adapted to a higher irradiance.

By providing a quantitative basis of the relative impor-
tance of the two opposing processes of vertical mixing
and photoprotection, the VMI provides information
which is not obvious in either DES index profiles (Fig. 4)
or the biological and physical estimates of vertical vel-
ocities, eddy diffusivities and mixing times (Table II). In
our study, the VMI is significantly related to the inte-
grated mean DES (P , 0.001) and the KG estimates (P ,

0.001). As such, the VMI index can be used to assess the

response of the photoprotective Dd-cycle of phytoplankton
to physical changes in the surface mixed layer on the
length and time scale of internal waves, but provides no
information on the smaller length and time scales of dif-
fusion processes. The low VMI index at Stations 17, 18,
33 and 36 (Fig. 7) strongly suggests that the photoprotec-
tive response of the phytoplankton occurs on a faster time
scale than vertical mixing indicating that the mixing is
slow enough to allow the photoprotective adaptation of
phytoplankton in the water column or that there was
insufficient irradiance to activate the Dd-cycle. At
Stations 37, 38a and 38b, the VMI index is very high
showing the importance of vertical mixing over phyto-
plankton photoprotection. In this case, phytoplankton
cells are transported at a faster rate than the rate at which
the de-epoxidation of Dd to Dt would normally occur
with a change in irradiance without vertical motion. This
would suggest that under these conditions, the photopro-
tective response of the phytoplankton does not match the
increase in light intensity caused by rapid vertical motion.

In conclusion, the vertical distribution of the DES
index together with in situ kinetic rate changes can
provide useful information on the photoprotective status
of Southern Ocean phytoplankton. A comparison
between the DES index and physical estimates of verti-
cal displacement suggests that internal waves by increas-
ing the average light intensity result in a higher
photoprotective response. By comparing the vertical dis-
tribution of the DES with the vertical distribution of
light, a simple index (VMI) establishes a relationship
between short-term mixing dynamics in the surface
mixed layer, irradiance in the euphotic zone and phyto-
plankton photoprotection. This relationship can poten-
tially provide additional insights into the XC response
of shade adapted open ocean phytoplankton to vertical
displacements.
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