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Summary: The Malaspina-2010 circumnavigation expedition on board R/V Hesperides surveyed tropical and subtropical 
regions of the Atlantic, Indian and Pacific oceans between December 2010 and July 2011. This article examines the relation-
ships between the distribution of chlorophyll a (Chl a), major inorganic nutrients and other hydrographic variables. A deep 
chlorophyll maximum (DCM) was found at most stations between 60 and 150 m depth; it occurred close to the level of 1% 
surface photosynthetically active radiation and was associated with the nitracline. There was a negative relationship between 
total Chl a at surface and the DCM depth, and between Chl a concentration at the DCM and DCM depth. In terms of Chl a 
concentration, picophytoplankton was the dominant size class at all sampled light intensities (surface, 20% of surface PAR 
and PAR at DCM), oceans and geoclimatic zones, except at some stations influenced by upwellings or divergences. Within 
the Chl a concentration ranges found in this study, the proportion of picophytoplankton increased with total Chl a, in contrast 
with some previous findings. Vertically integrated Chl a was positively correlated with surface Chl a, with similar slopes 
for the whole data set and for the different oceans and zones. In turn, surface Chl a and sea surface temperature showed a 
negative correlation for the Indian Ocean and the subtropical zone, a positive correlation for the Atlantic, and non-significant 
relationships for the remaining oceans and zones.

Keywords: Malaspina 2010; chlorophyll a; nitracline; deep chlorophyll maximum; phytoplankton size fractionation; Atlantic 
Ocean; Pacific Ocean; Indian Ocean.

Relaciones entre el máximo profundo de clorofila y las características hidrográficas en los océanos Atlántico, Índico 
y Pacífico

Resumen: Entre diciembre de 2010 y julio de 2011, la expedición de circunnavegación Malaspina-2010, a bordo del R/V 
Hespérides, estudió las regiones tropicales y subtropicales de los océanos Atlántico, Índico y Pacífico. Este trabajo examina 
las relaciones entre la distribución de la clorofila a (Chl a), los principales nutrientes inorgánicos y otras variables hidrográfi-
cas. En la mayoría de las estaciones, se encontró un máximo profundo de clorofila (MPC) entre 60 y 150 m de profundidad; se 
localizaba cerca del nivel del 1% de la radiación fotosintéticamente activa de superficie (PAR) y se asociaba con la nitraclina. 
Se encontró una relación negativa entre la Chl a total en superficie y la profundidad del MPC, y entre la concentración de Chl 
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a en el MPC y la profundidad del MPC. En términos de concentración de Chl a, el picofitoplancton fue la clase de tamaño 
dominante en todas las intensidades de luz muestreadas (de superficie, 20% de la PAR de superficie y PAR en el MPC), océa-
nos y zonas geoclimáticas, excepto en algunas estaciones influidas por afloramientos o divergencias. Dentro de los rangos de 
concentración de Chl a encontrados en este estudio, la proporción de picofitoplancton aumentó con la Chl a total, en contraste 
con hallazgos de algunos trabajos anteriores. La Chl a integrada verticalmente se correlacionó positivamente con la Chl a 
superficial, con pendientes similares para todo el conjunto de datos y para los distintos océanos y zonas. A su vez, la Chl a y 
la temperatura superficiales presentaron una correlación negativa para el océano Índico y la zona subtropical, una correlación 
positiva para el Atlántico, y relaciones no significativas para el resto de océanos y zonas.

Palabras clave: Malaspina 2010; clorofila a; nitraclina; máximo profundo de clorofila; fraccionamiento por tamaño del 
fitoplancton; Océano Atlántico; Océano Pacífico; Océano Índico.
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INTRODUCTION

Oceanic phytoplankton is responsible for about 
half of the primary production on the planet and is a 
key component of biogeochemical cycles (Field et al. 
1998). Remote sensing techniques have allowed an un-
precedented view of surface distributions of biological 
properties in the oceans, such as chlorophyll a (Chl a) 
concentration. However, these tools are only capable of 
penetrating about 1 optical depth, while Chl a in oligo-
trophic marine regions [defined by Antoine et al. (1996) 
as those with Chl a concentrations <0.1 mg m–3] shows 
vertical distributions in the water column with subsur-
face maxima out of the reach of the sensors. Oligotro-
phic regions featuring chlorophyll maxima at depths 
greater than 50 m comprise the subtropical gyres of the 
Atlantic, Pacific and Indian oceans, in addition to other 
areas such as the Mediterranean Sea, and occupy about 
50% of the ocean surface (Mignot et al. 2014). The 
presence of deep chlorophyll maxima (DCM) in oligo-
trophic regions is related to water column stratification, 
which hinders the input of nutrients into the surface 
layers, so phytoplankton production is nutrient-limited 
in the upper euphotic zone and light-limited at depth 
(Cullen 2015). However, the intensity of the DCM and 
the precise depth at which it occurs are modulated by 
environmental and biological factors and therefore 
show both seasonal and geographical variations (Es-
trada et al. 1993, Cullen 2015). The DCM originates 
from a variable combination of enhanced cell biomass 
and increased Chl a per cell, due to both strengthened 
nutrient availability and photoacclimation to low light 
(Steele 1964, Latasa et al. 2005). The relative contribu-
tion of photoacclimation rises with increased oligotro-
phy, so in the more oligotrophic situations the DCM is 
due only or predominantly to increased Chl a per cell 
(Taylor et al. 2014, Cornec et al. 2021).

The relationship between integrated Chl a for the 
water column and stratification intensity is generally 
expected to be negative in temperate to tropical regions 
(Doney 2006). This idea has been challenged by Dave 
and Lozier (2013), who, based on in situ stratification 
measurements and remote sensing Chl a data, found no 
evidence of correlation between these variables in the 
subtropical ocean, although it existed for the tropical 
Pacific. Global warming is expected to increase ocean 
stratification, which in turn will modify Chl a concen-
tration and distribution in the water column. Moreover, 
climate change may affect the functional group com-
position of the phytoplankton assemblages, including 
traits such as size class structure (Platt and Denman 
1978, Finkel et al. 2010, Marañón 2015). Phytoplank-
ton size may determine whether grazing is carried out 
by microzooplankton or by mesozooplankton, with im-
plications for both the possibility of phytoplankton bio-
mass accumulation and the relative importance of the 
microbial loop or of the classical food chain (Guidi et 
al. 2016). In addition, larger cells are expected to sink 
faster and contribute more to carbon export to the deep 
ocean (Barton et al. 2013). As the relative contribution 
of the various size classes of phytoplankton impacts 
food webs and the role of DCMs in biogeochemical 
cycles, it is imperative to gain insight on the mecha-
nisms controlling these effects. A step towards this end 
consists in collecting measurements at large scales to 
characterize regional baselines and to test global rela-
tionships. In situ observations of chlorophyll profiles 
can also provide a crucial synergy with remote sensing 
observations, which have high spatial resolution but are 
limited to surface layers. The Malaspina-2010 circum-
navigation expedition, on board the R/V Hesperides, 
which surveyed tropical and subtropical regions of the 
Atlantic, Indian and Pacific oceans through 15 biogeo-
graphic provinces, offered an excellent opportunity 
to obtain in vivo fluorescence profiles and to sample 
vertical Chl a distributions along a large geographi-
cal expanse. The cruise took place between December 
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2010 and July 2011, mostly during the spring-summer 
months of the visited regions (the main exception were 
the first ten stations, which were sampled in the north-
ern hemisphere winter), thus minimizing seasonal vari-
ability, and included 147 oceanographic stations, many 
of them in poorly sampled areas. The same methods 
were used throughout, ensuring comparability of the 
results (Moreno-Ostos et al. 2012).

A previous article (Estrada et al. 2016) described 
some general features of the Chl a distribution during 
the Malaspina expedition, in connection with the com-
position of the nano- and microphytoplankton commu-
nity as determined by optical microscopy. The present 
article examines in detail the vertical distribution of 
Chl a and the relationships between hydrographic vari-
ables and the characteristics of the DCM during Mala-
spina. In particular, we aim to 1) assess the geograph-
ical variability of the vertical Chl a profiles and their 
relationships with vertical markers such as irradiance 
intensity and the nutricline and mixed layer depths, 2) 
evaluate the contribution of micro-, nano- and picophy-
toplankton to total Chl a, in relationship with environ-
mental properties, and use these observations to test 
existing algorithms such as that of Hirata et al. (2011), 
and 3) explore the relationships of surface and water 
column-integrated Chl a with sea surface temperature 
and stratification.

MATERIAL AND METHODS

Sampling strategy and physical measurements

The Malaspina-2010 cruise crossed tropical, sub-
tropical and temperate oceans around the globe be-

tween 35°N and 40°S in seven consecutive legs (Fig. 
1). The cruise started and ended in Cartagena, Spain, 
and crossed the Atlantic, Indian and Pacific oceans (Ta-
bles S1 and S2). To summarize information for some 
analyses performed in this work, a loose latitudinal 
classification into coastal, and equatorial, subtropical 
and tropical open ocean geoclimatic zones was adopted 
(Table S1).

At each station, two or more vertical profiles of 
conductivity-temperature-depth (CTD) were obtained 
with a CTD SeaBird 9/11-plus equipped with addition-
al sensors of dissolved oxygen concentration, turbidity, 
fluorescence, light transmission, underwater photosyn-
thetically active radiation (PAR), surface irradiance 
and bottom proximity (measured using an altimeter). 
During the second CTD cast, which started around 
10:00 local time, water samples for determination of 
total Chl a and nutrient concentrations were collected 
from the surface (3 m depth) by means of a 30-litre Ni-
skin bottle and from 9 additional depths using 12-litre 
Niskin bottles mounted on a “rosette”. In general, these 
9 depths included 10 m, the depths of 50% and 20% of 
surface PAR, an “intermediate depth 1”, the depth of 
7% surface PAR, an “intermediate depth 2”, the DCM 
depth (as determined from the CTD profile), the DCM 
depth + 20 m and the DCM depth + 50 m.

The mixed layer depth (MLD) was calculated as 
the first depth (z) for which σθ(z)‑σθ(10)≥0.125 kg m–3, 
where σθ(z) and σθ(10) are, respectively, the potential 
density anomalies at depths z and 10 m (Levitus 1982). 
The stratification profile of the water column was char-
acterized by means of the Brunt-Väisälä (B-V) fre-
quency (N2), calculated at 2 m intervals. The strength 
of stratification in the upper 200 m was estimated as 

Fig. 1. – Cruise track of the Malaspina-2010 expedition. The numbers along the tracks designate the first and last stations of each leg. Red 
boxes and labels indicate regions with upwellings or divergences. Eq-Pac, Pacific equatorial upwelling; Eq-Atl, Atlantic equatorial upwelling; 

CRD, Costa Rica Dome; 45, Station 45 (Agulhas Current region); EAB, Eastern Great Australian Bight.
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σθ(200)-σθ(6) (hereafter σ200-σ6), the difference be-
tween the potential density anomalies (with reference 
pressure of 0 dbar) at 200 and at 6 m depth (Behrenfeld 
et al, 2006). The euphotic zone depth was considered to 
be the depth of 1% of the surface irradiance, calculat-
ed from the PAR CTD records. The Ocean Data View 
software (Schlitzer 2023) was used to present the dis-
tribution of hydrographical variables and to calculate 
B-V frequencies and potential density anomalies.

Chlorophyll a and nutrient analyses

Analysis of total Chl a (Chl a_tot) was performed 
for samples taken between the surface (3 m depth) and 
50 m below the DCM depth. From 250 to 500 mL of sea-
water were filtered through 25 mm GF/F filters, which 
were frozen for about 6 hours at 20°C, introduced in 
acetone 90% and left for 24 hours at 4°C in the dark. 
The Chl a concentration in the acetonic extracts was 
determined fluorometrically with a Turner Designs flu-
orometer calibrated with pure Chl a (Sigma-Aldrich). 
Size-fractionated analyses of Chl a were carried out for 
samples from the surface, the 20% surface PAR and a 
deeper depth that in general coincided with the DCM 
depth [the main exceptions were stations 45 (Agulhas 
Current region), 16 (Atlantic equatorial upwelling) and 
90-96 (Pacific equatorial upwelling), which did not 
show a DCM]. Stations at which the deeper fraction-
ation depth differed by more than 10 m from the DCM 
depth were excluded from the DCM calculations in Ta-
ble 2. The measurements were performed by sequen-
tial filtration through 47 mm Poretics polycarbonate 
membrane filters of 20, 2 and 0.2 µm pore sizes, which 
were subsequently treated as the GF/F ones (Estrada 
2012, Estrada et al. 2016). The fractional contribution 
of microphytoplankton (f_micro, >20 µm), nanophy-
toplankton (f_nano, >2 and <20 µm) and picophyto-
plankton (f_pico, >0.2 and <2 µm) was calculated with 
respect to the sum of Chl a in the three size fractions 
(Chl a_pol), which tended to be slightly lower than the 
total Chl a determined by filtration onto GF/F filters 
(Chl a_pol=0.91*Chl a_tot - 0.21, r2=0.87, p<0.0001). 
For comparison, the relative contribution of the three 
phytoplankton size fractions (f_micro, f_nano and f_
pico) was also estimated by means of the Chl a–based 
approach of Hirata et al. (2008, 2011):

f_micro	 [0.9117+exp (–2.733x + 0.4003)]–1

f_nano	 1-f_micro-f_pico
f_pico 	� – [0.1529+exp (1.0306x–1.5576)]−1–

1.8597x + 2.9954,
where x=log10(Chl a_tot)

The possibility of fitting the three-component mod-
el of Brewin et al. (2010, 2014), which derives the 
fractions of picophytoplankton (<2 µm) and combined 
pico- and nanophytoplankton (<20 µm) chlorophyll 
with total chlorophyll concentration, was examined, 
but our data could not be adjusted to the model equa-
tions because these include a parameter representing 
an asymptotic maximum chlorophyll concentration 
for the <2 µm and <20 µm size classes that was not 
reached in our data set.

Nutrient (silicate, nitrate, nitrite and phosphate) 
concentrations were determined by means of a Skalar 
autoanalyser, using standard spectrophotometric pro-
cedures (Grasshoff et al. 1999, Blasco et al. 2012); in 
leg 1, nitrite was not determined, and phosphate was 
measured using a manual method (Vidal et al. 2012). 
The nutricline depth was represented by that of the 
nitracline, which was defined as the depth at which 
nitrate (nitrate + nitrite in leg 1) concentrations first 
reached 1 mmol m–3; in most cases, it was determined 
by linear interpolation based on the closest samples 
encompassing this threshold. Some stations (mostly 
from the Pacific equatorial upwelling) with nitrate con-
centrations at surface exceeding 1 mmol m–3 did not 
have a nitracline depth. In a few others, the calculated 
nitracline depth was slightly shallower than the MLD 
but was considered to be equal to the MLD. This was 
done because the limited number of vertical nutrient 
samples precluded a fine depth resolution and it was as-
sumed that, in stratified conditions, a nitracline would 
not occur within the mixed layer. Different nutricline 
depths could be obtained if calculated from phosphate, 
but we chose nitrate because nitrogen is considered to 
be the main limiting nutrient in stratified subtropical 
gyres (Browning and Moore 2023).

Calculation of high-resolution chlorophyll a 
profiles

Chl a profiles matching the CTD records (available 
at 1 or 2 m intervals) were obtained as described in Es-
trada et al. (2014). First, CTD in situ fluorescence read-
ings were converted to Chl a concentrations (hereafter 
Chl a_CTD) based on calibration equations obtained 
for each leg from the regression of Chl a_tot values 
measured in the ship laboratory vs. in situ fluorescence 
readings corresponding to the same depth. Chl a_tot 
concentration between 0 m and 10 m depth was as-
sumed to be equal to Chl a_tot concentration at 3 m. 
Second, a linear interpolation (Chl a_tot-int) of Chl a_
tot based on the closest available Chl a_tot above and 
below the interpolation depths was assigned to each 
depth of the high-resolution (1–2 m intervals) vertical 
CTD profiles between 10 m and the DCM + 50 depths. 
Third, a similar interpolation procedure was carried for 
Chl a_CTD to calculate Chl a_CTD-int based on the 
Chl a_CTD values of the same depths adopted to in-
terpolate Chl a_tot. Fourth, we multiplied the interpo-
lated Chl a_tot-int at each depth by a correction factor 
consisting of the ratio between the Chl a_CTD derived 
from the actual in vivo fluorescence reading and the 
linearly interpolated Chl a_CTD-int for this depth. 
This correction factor was introduced to compensate 
for non-linearity of the Chl a profiles and was based 
on the assumption that, at subsurface depths, in situ 
fluorescence would be proportional to Chl a concen-
tration. Integrated Chl a between 0 and 200 m depth 
(Chl a_int) was then computed using the trapezoidal 
rule (for this calculation, Chl a between the DCM + 50 
and 200 m was supposed to be equal to the correspond-
ing Chl a_CTD).
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Statistical analyses and data availability

Linear regressions and correlation coefficients were 
calculated using the Systat 13 software. A t test was 
used to estimate the significance of differences among 
regression slopes (Paternoster et al. 1998). The distri-
bution of size class fractions among light levels and 
oceans or geoclimatic zones was evaluated with a two-
way ANOVA followed by post-hoc Tuckey tests, using 
the Systat software. Chl a concentration values were 
log-transformed to approximate the distributions to 
normality. Since our interest was to quantify the pattern 
of covariation rather than to carry out an estimation of 
the dependent variables, the analysis of the bivariate 
linear relationships between the Chl a size fractions 
and Chl a_pol was carried out with the reduced ma-
jor axis regression model (RMA), using the PAST4 
software (https://www.nhm.uio.no/english/research/
resources/past/). In this way, we also tried to minimize 
the influence of the different degrees of dispersion of 
the data around the regression lines. Chl a (http://hdl.
handle.net/10261/345389) and nutrient (https://doi.
org/10.20350/digitalCSIC/16127) data are available at 
Digital CSIC (www.digital.csic.es).

RESULTS

Distribution and characteristics of the Deep 
Chlorophyll Maximum

Chl a_tot concentrations encountered during the 
Malaspina expedition (Fig. 2) ranged from 0.03 to 0.69 
mg m–3 at surface (3 m depth), from 0.05 to 1.08 mg 

m–3 at the 20% light level and from 0.11 to 1.92 mg m–3 
at the DCM. Among oceans, average Chl a_tot values 
ranged from 0.12 mg m–3 in the Atlantic to 0.21 mg m–3 

in the Pacific at surface and from 0.42 mg m–3 in the 
Indian to 0.5 mg m–3 in the Pacific at the DCM (Ta-
ble 1). By geoclimatic zones, average Chl a_tot went 
from 0.10 mg m–3 in the subtropical zone to 0.30 mg 
m–3 in the equatorial at surface and from 0.38 mg m–3 in 
the subtropical zone to 0.68 mg m–3 in the coastal zone 
for the DCM (Table 1). In general, there was a marked 
temperature stratification, with MLDs ranging between 
40 and 100 m (Fig. 2A). The seasonal changes between 
the North Atlantic crossings of legs 1 and 7 were re-
flected in higher sea surface temperatures and shallow-
er MLDs in the later leg. The thinnest MLDs and the 
highest surface Chl a (Chl a_srf) concentrations were 
found (Figs 1 and 2) in regions such as the equatorial 
upwelling zone of the Atlantic, the Costa Rica or Me-
soamerican Dome and the eastern coast of South Africa 
(Agulhas Current, station 45). Another zone with rela-
tively high Chl a concentrations was the Eastern Great 
Australian Bight, which showed a cool, deep (MLD of 
60–80 m) mixed layer on top of a dome of relatively 
cold water (Fig. 2). This situation was accompanied by 
a high contribution of Prochlorococcus and a homoge-
neous vertical distribution of phytoplankton, suggest-
ing an early autumn mixing event (Latasa et al. 2023).

Most stations showed a DCM between 60 and 150 
m depth, close to the level of 1% surface PAR (Figs 
2 and 3A). In general, the DCM was deeper than the 
MLD (Fig. 3B) and was either absent or above 40–60 
m in regions influenced by upwelling or divergences, 
such as the equatorial upwellings, the Costa Rica 

Fig. 2. – Temperature and Chl a distributions during the Malaspina-2010 expedition. (A) Temperature, °C. (B) Chl a, mg m–3. The white lines 
indicate the mixed layer depth (labelled “MLD”) in (A) and the 1% light level (labelled “1%”) in (B). The initial and final stations of each leg 

and the different regions indicated in Figure 1 are shown at the top of the (A) panel.

https://www.nhm.uio.no/english/research/resources/past/
https://www.nhm.uio.no/english/research/resources/past/
http://hdl.handle.net/10261/345389
http://hdl.handle.net/10261/345389
https://doi.org/10.20350/digitalCSIC/16127
https://doi.org/10.20350/digitalCSIC/16127
http://www.digital.csic.es
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Dome and the Eastern Great Australian Bight. For sim-
plicity, these areas will be subsequently designated as 
upwelling-divergence (U-D) regions, as in Estrada et 
al. (2016). The DCM appeared well below the depth of 
maximum B-V frequency (data not shown) in the open 
Indian Ocean and tropical and subtropical Pacific, and 
was found near the maximum B-V frequency depth in 
the U-D regions.

The linear regression equations of DCM depth on 
nitracline depth were positive and significant (p<0.001) 
and had similar slopes for all three oceans (Table S3). 
Above 100 m depth, the nitracline and the DCM depth 
were approximately aligned in a 1:1 relationship, but 
below 100 m the DCM tended to be shallower than the 
nitracline (Fig. 4A). When the data were categorized 
according to geoclimatic zones, the slopes of the rela-
tionship decreased from the equatorial to the tropical 
and the subtropical zones, with intermediate values 
for the coastal samples (Table S3); however, only the 
difference between the equatorial and the subtropical 
zones was significant at the p<0.05 level. The nitrite 
maximum depth was in general deeper or coincident 
with the DCM depth, and both parameters were signifi-
cantly correlated with fairly similar regression slopes 
for all three oceans (Fig. 4B), although the low vertical 
resolution of the nutrient sampling originated a sub-
stantial dispersion of the points. There was a negative 
relationship between total Chl a at surface (Chl_a_srf) 
and DCM depth, with slopes that were more negative 
for the Pacific than for the Atlantic and Indian oceans, 
according to the t test (Fig. 5A, Table S4). Chl a_tot 
concentration at the DCM (Chl a_DCM) was negative-
ly correlated with the DCM depth (Fig. 5B, Table S4), 
with similar slopes for all oceans.

Relationships between total and size-fractionated 
chlorophyll a

The proportion of picophytoplankton Chl a (f_
pico) (Table 2) was significantly higher at the DCM, 

with mean values (expressed in percentages) around 
70%, than at surface and the 20% light levels, where 
it ranged between 49% and 60% (two-way ANOVA, 
p<0.0001). Among oceans, the Atlantic showed lower 
f_pico values than the Indian and Pacific, in particular 
at surface and 20% PAR (two-way ANOVA, p<0.001). 
The mean proportion of nanophytoplankton (f_nano, 
Table 2) ranged from 24% to 38%, was lower at the 
DCM than at surface and the 20% light levels (two-
way ANOVA, p<0.0001) and showed no significant 
differences between oceans. The relative contribution 
of the microplankton (f_micro, Table 2) showed ranges 
(expressed in percentages) from 6% to 14% at the up-
per two light levels and from 4% to 6% at the DCM and 
was significantly different between light levels (low-
er values at the DCM) and oceans (two-way ANOVA, 
p<0.0001); the lowest overall values corresponded to 
the Indian Ocean.

The slopes of the RMA linear regressions of the 
log-transformed Chl a concentration of pico-, nano- 
and microphytoplankton versus the log-transformed 
Chl a_pol (the sum of the three fractions measured on 
polycarbonate filters) for the separate and combined 
light levels ranged between 0.98 and 1.49 (Table S5). 
Nanophytoplankton showed the lowest slope for sur-
face, the 20% light level and the pooled data, while 
the slopes of micro- and picophytoplankton were not 
significantly different (Fig. 6, Table S5A). The same 
pattern was found when Chl a_tot (from GF/F filters) 
was used instead of Chl a_pol (data not shown). The 
correlation coefficients between the proportions of the 
three size classes (f_micro, f_nano and f_micro) and 
Chl a_pol (Table S5B) were in general significant but r2 
did not exceed 0.23. The RMA regression of f_pico on 
log(Chl a_pol) had a positive slope for all light levels, 
while the RMA regressions of f_nano on log(Chl a_
pol) were all negative and those of f_micro were either 
non-significant (for the surface and the 20% light level) 
or negative (for the DCM and the whole data set) (Fig. 
S1, Table S5B). Neither f_pico nor f_nano were signifi-

Table 1. – Average (mean±sd) values of Chl a concentration at surface (Chl a_srf) and at the DCM (Chl a_DCM), integrated Chl a from 
surface down to 200 m (Chl a_int), average DCM depth and difference between the potential density anomalies at 200 m and 6 m depth 

(σ200-σ6) for the oceans and zones and for the whole data set; N is the number of observations.

Oceans Chl a_srf, mg m–3 Chl a_DCM, mg m–3 Chl a_int, mg m–2 DCM depth, m σ200-σ6 kg m–3 N

Atlantic 0.12±0.11 0.50±0.20 37.08±9.46 108.4±31.4 1.77±0.91 55-61
Indian 0.15±0.14 0.42±0.18 34.26±14.38 102.1±26.1 1.83±0.58 32-34
Pacific 0.21±0.12 0.53±0.25 45.92±11.81 86.4±38.5 3.03±1.27 38-45
All 0.16±0.13 0.49±0.21 39.31±12.38 100.4±33.6 2.20±1.33 129-141

Zones
Equatorial 0.30±0.13 0.66±0.30 49.35±12.16 53.74±24.77 4.08±0.92 19-27*
Tropical 0.15±0.09 0.47±0.14 42.67±11.95 110.10±31.0 2.20±0.82 29-32
Subtropical 0.10±0.08 0.38±0.10 32.34±5.37 114.4±24.2 1.65±0.71 64-66
Coastal 0.19±0.15 0.68±0.21 43.71±17.41 79.6±17.2 2.29±0.91 15-16

*There was no DCM at equatorial upwelling stations 16 (Atlantic) and 90–96 (Pacific)
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cantly correlated with temperature (whether for sepa-
rate light levels or the whole data set, data not shown). 
Only f_micro showed a significant but low correlation 
with temperature for the surface and the 20% light lev-
els (Spearman correlation coefficients of 0.45 and 0.48, 
respectively, for n=127 -136).

For all light levels, the correlation coefficients be-
tween the measured micro- and picophytoplankton 
proportions (f_micro and f_pico, respectively) and 
those derived from the Hirata (2011) equations (Fig. 
S2) were significant, although with low r2 (0.03 and 
0.22, respectively, p<0.001). When light levels were 
considered separately (data not shown), only the cor-
relation between the picophytoplankton proportions 
remained significant, but also with low r2 (r2=0.15, 

p<0.001, r2=0.14, p<0.001 and r2=0.06, p<0.005, for 
surface, 20% and the DCM, respectively).

Relationships of integrated chlorophyll a (Chl a_
int) with surface chlorophyll a (Chl a_srf), surface 
temperature and stratification

Surface temperature (SST) and stratification 
(σ200-σ6) were positively correlated for all oceans and 
regions (Table 3). Integrated Chl a (Chl a_int) values 
between surface and 200 m depth (Fig. S3) ranged 
from 19 mg m–2 at station 141, in the subtropical North 
Atlantic, to 101 mg m–2 at station 45, near the East Af-
rican coast (Agulhas Current region). The correlations 
between the logarithms of Chl a_int and Chl a_srf were 

Table 2. – Mean, sd and number of observations (N) of the fractional (per unit) contributions of micro- (f_micro), nano- (f_nano) and 
picophytoplankton (f_pico) to total Chl a for the oceans and zones and for the whole data set (“All”).

Surface 20% PAR DCM
Oceans Mean sd N Mean sd N Mean sd N

f_pico Atlantic 0.54 0.16 59 0.49 0.13 56 0.69 0.13 44
Indian 0.60 0.10 31 0.58 0.14 29 0.70 0.10 28
Pacific 0.60 0.14 45 0.60 0.13 43 0.70 0.11 27

All 0.57 0.14 135 0.55 0.14 128 0.69 0.12 99

f_nano Atlantic 0.33 0.14 59 0.38 0.13 56 0.25 0.12 44
Indian 0.34 0.09 31 0.35 0.14 29 0.25 0.09 28
Pacific 0.31 0.12 45 0.31 0.11 43 0.24 0.10 27

All 0.33 0.12 135 0.35 0.13 128 0.25 0.11 99

f_micro Atlantic 0.14 0.09 59 0.13 0.11 56 0.06 0.03 44
Indian 0.06 0.03 31 0.07 0.08 29 0.04 0.02 28
Pacific 0.08 0.08 45 0.09 0.08 43 0.06 0.03 27

All 0.10 0.09 135 0.1 0.1 128 0.05 0.03 99

Zones
f_pico Equatorial 0.59 0.18 27 0.58 0.13 26 0.64 0.13 15

Tropical 0.62 0.13 30 0.55 0.18 28 0.73 0.10 21
Subtropical 0.53 0.12 62 0.60 0.13 60 0.71 0.11 49

Coastal 0.59 0.12 16 0.58 0.13 14 0.66 0.14 14

f_nano Equatorial 0.30 0.16 27 0.33 0.13 26 0.30 0.12 15
Tropical 0.28 0.11 30 0.35 0.15 28 0.21 0.08 21

Subtropical 0.37 0.11 62 0.31 0.11 60 0.24 0.10 49
Coastal 0.31 0.10 16 0.29 0.15 14 0.30 0.13 14

f_micro Equatorial 0.11 0.09 27 0.10 0.07 26 0.06 0.02 15
Tropical 0.10 0.08 30 0.10 0.11 28 0.06 0.03 21

Subtropical 0.10 0.10 62 0.09 0.08 60 0.05 0.03 49
Coastal 0.09 0.07 16 0.13 0.14 14 0.04 0.02 14
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significant (p<0.05) for the whole data set and for the 
different oceans and geographical zones except for the 
coast (Table 3). Linear regression slopes of Chl a_int 
on Chl a_srf were not significantly different among 
oceans and zones (Fig. 7A, Table S4). Log(Chl a_srf) 
showed a significant positive correlation with SST for 
the Atlantic and negative correlations for the Indian 
Ocean and the subtropical region; log(Chl a_srf) and 
σ200-σ6 were also negatively correlated for the Indi-
an Ocean, but showed significant positive correlations 
for the other oceans and the equatorial zone. Log(Chl 
a_int) was negatively correlated with SST for the 
tropical region; the remaining relationships between 
log(Chl a_int) with SST and σ200-σ6 for other oceans 
and zones were either positive or non-significant (Fig. 
7B, Table 3).

DISCUSSION

Distribution and characteristics of the deep 
chlorophyll maximum

The Malaspina cruise visited tropical and subtrop-
ical regions of the northern and southern hemispheres 
in general during the corresponding spring-summer 
period, so most stations showed stratified water col-
umns with wide MLDs and nitraclines below 50 m. 
These conditions are typically associated with low Chl 
a concentrations at surface (from 0.03 to 0.69 mg m–3) 
and vertical profile features such as deep chlorophyll 
and nitrite maxima. Locations with shallow MLDs and 
nitraclines and with relatively high Chl a_srf concen-
trations, which deviated from this pattern, were those 
associated with upwellings or divergences in the U-D 
regions (Figs 2, S4) and included stations 90–96 (Pa-
cific equatorial upwelling), 13–16 (Atlantic equatori-
al upwelling), 45 (Agulhas Current), 123–126 (Costa 
Rica or Mesoamerican Dome) and 74–78 (Eastern 

Great Australian Bight). The presence of these U-D 
zones resulted in higher average Chl a_srf and shal-
lower average DCMs (Table 1) in the Pacific Ocean 
and the equatorial zone than in the other areas, as found 
in previous works (Weingartner and Weisberg 1991, 
Wyrtki 1981, Fiedler and Talley 2006, van Ruth et al. 
2018). However, even in U-D areas, only five samples 
from the 20% and DCM depths (from stations 13, 44–
45 and 122) had Chl a concentrations exceeding 1 mg 
m-3. As found in previous surveys (Zhang et al. 2012), 
both Chl a_srf and Chl a_int were higher at the eastern 
(stations 79–90) than at the central Pacific ones (sta-
tions 110–126) as a result of the shallower thermocline 
in the Costa Rica Dome region (Figs 2, S3).

Most of our data were obtained within low latitude 
regions (0°–40°), which Cornec et al. (2021), based 
on Argo float profiles, divided into two subzones, the 
subtropical gyres (20°–40°), with DCM mainly due to 
photoacclimation, and the subequatorial region (0°–
10°), with DCM profiles contributed at least in part by 
deep biomass maxima. HPLC analyses of Chl a per-
formed with samples from the same sampling depths 
as those used in this study (Latasa et al. 2023) showed 
that haptophytes and Prochlorococcus were the domi-
nant contributors to total Chl a (36% and 35%, respec-
tively), followed by green algae (11%), Synechococcus 
(6.5%), pelagophytes (6.7%), dinoflagellates (3.2%) 
and diatoms (1.6%). With the exception of diatoms and 
Synechococcus, which showed a fairly homogeneous 
vertical distribution in the water column, most of these 
groups increased their pigment contribution at or near 
the DCM. Enumerations of nano- and microphyto-
plankton by optical microscopy (Estrada et al. 2016) 
suggested that, globally, there were no significant dif-
ferences between the mean abundances of diatoms, 
dinoflagellates, coccolithophores and nanoflagellates 
among the three light levels sampled (surface, 20% PAR 
and DCM). A rough estimate of the average (±SD) Chl 

Table 3. – Linear correlation coefficients between sea surface temperature (SST), the stratification index σ200-σ6 and the logarithms of surface 
[log(Chl a_srf)] and integrated Chl a concentration ([log(Chl a_int] for the oceans and zones and for the whole data set (“All”). N = number 

of observations. * p<0.05.

 SST with log(Chl a_srf) with log(Chl a_int) with
Oceans

σ200-σ6 N SST (ºC) N σ200-σ6 N log(Chl a_srf) N SST (ºC) N σ200-σ6 N
Atlantic 0.80* 55  0.32* 61 0.40* 54 0.69* 56 0.17 56 0.38* 54
Indian 0.90* 34 -0.53* 34 -0.38* 34 0.62* 32 0.11 32 0.14 32
Pacific 0.72* 43 0.23 46 0.63* 42 0.48* 42 -0.13 42 0.24 42
All 0.73* 132 0.15 141 0.47* 130 0.66* 130 0.25* 130 0.43* 128

Zones 
σ200-σ6 N SST (ºC) N σ200-σ6 N log(Chl a_srf) N SST (ºC) N σ200-σ6 N

Equatorial 0.55* 19 -0.04 27 0.74* 19 0.54* 20 -0.15 20 0.3 19
Tropical 0.44* 29 -0.24 32 0.32 29 0.52* 30 -0.48* 30 0.2 29
Subtropical 0.73* 68  -0.32* 66 -0.11 66 0.46* 64 0.27* 64 0.17 64
Coastal 0.95* 16 -0.09 16 -0.0009 16 0.58 16 -0.05 16 -0.01 16
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a content per cell (obtained by dividing the sum of Chl 
a concentrations of the micro- and nanophytoplankton 
fractions by the corresponding abundance of nano- and 
microphytoplankton cells) gave, respectively, 2.6±1.6, 
3.0±2.0 and 9.1±16.8 pg cell–1 for the surface, 20% 
surface PAR and DCM samples. Regarding picophyto-
plankton, the proportion of <2 µm Chl a (Table 2) as-
sessed by filtration was similar (or only slightly higher 
at the DCM) for all light levels (see below), but pico-
phytoplankton cell counts by flow cytometry (Agustí et 
al. 2019), including Prochlorococcus, Synechococcus 
and picoeukaryotes, revealed that, in general, Prochlo-
rococcus showed cell concentration maxima some tens 
of metres above the DCM, while Synechococcus were 
more abundant at shallower levels, and picoeukaryotes 
peaked at the DCM depth. A rough estimation of pico-
plankton carbon biomass obtained by using the conver-
sion factors of Zamanillo et al. (2019) (51 fg C cell–1 
for Prochlorococcus, 175 fg C cell–1 for Synechococcus 
and 1319 fg C cell–1 for picoeukaryotes) showed that 
the picophytoplankton carbon biomass maximum oc-
curred well above the DCM at most stations (data not 
shown). These observations suggest that the increased 
Chl a concentration at the DCM was due to photoaccli-
mation of the phytoplankton cells (see also Latasa et al. 
2023) rather than to increases in cell biomass. Another 
rough indication was obtained from the relationships 
between particulate organic carbon (POC) concentra-
tions (Pérez et al. 2006) and Chl a. The problem with 
this approach is that POC includes an important and 
variable contribution of detritus and, while some stud-
ies have found that these represent a relatively stable 
fraction (21%–43% for 0–200 m integrated samples for 
the Sargasso Sea, DuRand et al. 2001), others have re-
ported much wider ranges (12%–97% for surface sam-
ples of diverse marine ecosystems, Graff et al. 2015). 
In our study, POC/Chl a_tot ratios for the stations with 

DCM that had POC data for both surface and DCM 
(Table S6) averaged 270.1±184.9 (SD) w/w for surface 
waters and 48.8±24.1 w/w for the DCM. Assuming a 
similar contribution of phytoplankton carbon to total 
POC for the surface and DCM, this would represent 
a mean Chl a content per unit cell carbon 5.5 times 
higher at the DCM than at the surface. This difference 
would be sufficient to account for the average value (5) 
of the ratio between Chl a at the DCM and Chl a at the 
surface (Table S6). These estimations further support 
the conclusion that the Chl a increase at the DCM was 
mostly due to photoacclimation.

The DCM depth was located below the mixed layer 
and was associated with the irradiance level (as seen by 
the relationship with the depth of 1% surface PAR, Fig. 
3A), and the nutricline, represented in our study by the 
nitracline (Fig. 4A). This finding agrees with previous 
studies (Agustí and Duarte 1998, Estrada et al. 1993, 
Cullen 1982, Mignot et al. 2014) and with the view that 
the DCM, including both enhanced biomass and pho-
toacclimation components, is generated by the interac-
tion between vertically opposite gradients of light and 
nutrients (Margalef 1978), with reduced vertical mix-
ing below the MLD allowing for vertical heterogeneity. 
It can be noted that, as remarked by Cullen (2015), the 
relevant light parameter should be related to appropri-
ately averaged absolute irradiance values rather than to 
relative light levels. In our case, when we considered 
samples taken between 9:00 and 15:00 solar time, the 
instantaneous irradiance range at the DCM depth was 
relatively narrow, with a mean (± standard deviation) 
of 11.4±11.4 µmol photons m–2 s–1 (median=8.8 µmol 
photons m–2 s–1).

The pattern shown in Figure 4A, where the DCM 
is deeper or shallower than the nitracline when it is, 
respectively, above or below 100 m depth, agrees with 
the findings of Cornec et al. (2021) and Richardson 

Fig. 3. – Relationship of the DCM depth with the 1% surface light level (A) and with the MLD (B). The solid line shows the 1:1 relationship. 
Significant regression lines (dashed) and equations are indicated.
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and Bengtsen (2019). According to the latter authors, 
a shallower DCM than nitracline at depths below 100 
m results from the interaction between light availabil-
ity and the likelihood of intermittent nutrient supply 
from a deeper nitracline. On the other hand, a DCM 
deeper than the nitracline, which occured at some 
stations, could be explained by limitation of anoth-
er nutrient, such as phosphorus, below the nitracline 
depth. We explored the phosphate concentration pro-
files to test this possibility, but the conclusions were 
not straightforward because phosphate gradients were 
less marked than those of nitrate, probably due in part 
to more rapid remineralization of phosphorus relative 
to nitrogen (Monteiro and Follows 2012). We tried 
two definitions of the phosphocline: A) the shallow-
est depth where phosphate concentrations equalled or 
exceeded (without interpolation) 0.35 µM (this was 
based on a compilation of NW Mediterranean profiles 
by Segura-Noguera et al. 2016); and B), the shallow-
est depth where phosphate concentrations equalled or 
exceeded 0.10 µM. As can be seen in Figure S5A and 
B, the phosphate concentrations ≥0.35 µM were prac-
tically always much deeper than the nitracline (origi-
nal data can be consulted at https://doi.org/10.20350/
digitalCSIC/16127). On the other hand, apart from 
several stations that had phosphate concentrations 
≥0.10 µM at the surface (Fig. S5C and D), the phos-
phate concentrations ≥0.10 µM tended to be deeper or 
shallower than the nitracline (we adopted an absolute 
minimum difference of 10 m to define these two situ-
ations) when the DCM was respectively 10 m deeper 
or shallower than the nitracline. This finding supports 
the idea that, in certain situations, phosphorus limita-
tion below the nitracline may lower the depth of the 
DCM; it also indicates that comparing the depths of 
the DCM and the nitracline, along with those of the 

clines of other nutrients, could help identify the lim-
iting element.

The occurrence of a primary nitrite maximum at 
subsurface levels (Fig. 4B) has been repeatedly docu-
mented (Kiefer et al. 1976, Estrada et al. 1993, Collos 
1998). The maintenance of this nitrite maximum has 
been attributed to both microbial nitrification and ni-
trite release by phytoplankton, and the relative impor-
tance of both mechanisms is still discussed, with some 
authors favouring the preponderance of phytoplankton 
excretion (Blasco 1971, Lomas and Lipschultz 2006) 
and others favouring nitrification by chemoautotro-
phs (Meeder et al. 2012, Zakem et al. 2018). Our data 
showed in general a nitrite maximum either deeper or 
coincident with the DCM, but there were some excep-
tions. In principle, a nitrite maximum depth coinciding 
with that of the DCM would suggest phytoplankton 
excretion, while nitrification would result in a nitrite 
maximum deeper than the DCM, although both mech-
anisms might be operative at the same time. However, 
as described by Lomas and Lipschultz (2006), there 
are a number of physical disturbance and physiologi-
cal scenarios that could decouple the depths of the ni-
trite maximum from those of the DCM and associated 
variables; for example, according to these authors, a 
shallower nitrite maximum than the DCM could arise 
from transient, light-induced uncoupling of nitrate and 
nitrite reduction by DCM phytoplankton exposed to 
periodic low-level nitrate inputs or short-lived light 
changes at sunrise or sunset.

Non-significant (Cox et al. 1982, Estrada et al. 
1993) and negative (Herbland and Voituriez 1979, Cor-
nec et al. 2021) relationships between Chl a_DCM and 
DCM depth (Fig. 5B) have been previously document-
ed; the latter situation may be related to increasing light 
limitation with depth.

Fig. 4. – Relationship between DCM depth and nitracline depth (A) and between nitrite maximum depth and DCM depth (B). The solid line 
shows the 1:1 relationship. Significant regression lines (dashed) and equations (in A) are indicated. The equations in (B) are y=23.6+0.83x 
(correlation, R=0.64) for the Atlantic Ocean; y=10.1+0.96x (R=0.66) for the Indian Ocean and y=31.5+0.90x (R=0.69) for the Pacific Ocean.

https://doi.org/10.20350/digitalCSIC/16127
https://doi.org/10.20350/digitalCSIC/16127
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Relationships between total and size-fractionated 
chlorophyll a

On average, picophytoplankton was the dominant 
contributor at all light levels, oceans and zones (Table 
2); only at a few U-D locations, such as stations 90–94 
(data not shown), was the picophytoplankton propor-
tion lower than 50%. This is an expected result, given 
the general oligotrophic character of the sampled loca-
tions (Marañón 2009, IOCCG 2014). Picophytoplank-
ton contribution increased with Chl a_pol without ap-
proaching an asymptotic value (Fig. 6A-D), as found 
by Agustí et al. (2019) for flow cytometry counts of 
Synechococcus, Prochlorococcus and picoeukaryotes. 
This result may be explained, at least in part, by the 
low values of the Chl a concentrations measured in the 
Malaspina expedition, which (except for station 45) did 
not reach the concentration of the inflexion point re-
ported by other authors around 1 mg m–3 of total Chl a  
(Marañón et al. 2009, Brewin et al. 2019). Regarding 
this particular value, it should be noted tha3t many 
field Chl a data sets, including our own, are derived 
from fluorometric measurements, which tend to over-
estimate the concentration of Chl a as determined from 
HPLC, considered the technique of choice for pigment 
determination (Garrido and Roy 2015); for Malaspina, 
the relationship was Chl a_tot=Chl a_HPLC*1.34+25, 
r2=0.77, where Chl a_HPLC is the total Chl a as deter-
mined by HPLC (Latasa et al. 2023). The linear correla-
tion between our determinations of f_pico and f_micro 
and those derived from the Hirata equations (Fig. S3) 
was significant but explained only 3% of the variance 
for microphytoplankton and 22% for picophytoplank-

ton, thus limiting the usefulness of this approximation, 
at least in data sets with relatively narrow variability.

For all light levels, the slope of f_pico with respect 
to log(Chl a_pol) was positive, while the relationships 
of f_nano and f_micro with log(Chl a_pol) were nega-
tive or non-significant (Table S5B), so f_pico increased 
(and f_nano and f_micro decreased or did not change 
significantly) with total Chl a (Fig. S1), in contrast with 
the findings of Brewin et al. (2019) when similar Chl 
a concentration ranges were considered. However, our 
findings must be interpreted with caution, given the 
strong dispersion of the regression lines related to mi-
cro- and nanophytoplankton data. Another caveat are 
the potential artefacts introduced by filtration, such as 
the effect of biomass accumulation on particle reten-
tion (Brewin et al. 2014); however, our sequential fil-
tration methodology was similar to that employed by 
Brewin et al. (2019) and it is difficult to envision why 
higher biomass should favour pico- but not nanophyto-
plankton retention.

Picoplankton contribution (in particular that of cy-
anobacteria) has been often reported to increase with 
temperature (Flombaum et al. 2013). However, it must 
be noted that statistical relationships with temperature 
often result from its covariation with other variables, 
such as nutrient concentration (Otero-Ferrer et al. 
2018, Agustí et al. 2019), rather than from any direct 
effects (see next section). Within the temperature range 
of our data set, the lack of correlation of f_pico and 
f_nano with temperature (data not shown) suggests that 
the relative contribution of these size classes was driv-
en by factors such as resource availability, as found by 
Marañón (2015).

Fig. 5. – Relationship between (A) DCM depth and Chl a concentration at the surface [log(Chl a_srf)] and (B) Chl a concentration at the 
DCM [log(Chl a_DCM)] and DCM depth. The equations of the regression lines in (A) are y=36.7–68.8x (correlation, R=0.62) for the Atlantic, 
y=25.6–76.3x (R=0.83) for the Indian, y =-2.28–117.1x (R=0.76) for the Pacific and y=23.4–81.1x (R=0.72) for all oceans. The equations in 
(B) are y=0.094-0.0039x (R=0.80) for the Atlantic, y=-0.092-0.0031x (R=0.50) for the Indian, y=-0.027-0.0030x (R=0.70) for the Pacific and 

y=-0.0037-0.0033x (R=0.68) for all oceans.



12  •  M. Estrada et al.

SCI. MAR. 88 (4), December 2024, e092, ISSN-L: 0214-8358, eISSN: 1886-8134, https://doi.org/10.3989/scimar.05519.092

Relationships of integrated chlorophyll a (Chl a_
int) with surface chlorophyll a (Chl a_srf), surface 
temperature and stratification

In temperate regions, high temperatures often cause 
increased stratification, diminishing nutrient availabili-
ty in surface waters. This leads to negative correlations 
between both surface temperature and stratification in-
dices, and Chl a_srf and integrated phytoplankton bio-
mass estimates, which include integrated Chl a (Doney 
2006, Behrenfeld et al. 2006, van de Poll et al. 2013). 

In our latitudinally-restricted data set, the best predictor 
of Chl a_int for the global data set and for the various 
oceans and regions was Chl a_srf (Table S4). Correla-
tion coefficients of SST and σ200-σ6 with Chl a_srf or 
Chl a_int were mostly non-significant. Negative cor-
relations were found only between SST and Chl a_srf 
for the Indian Ocean and between SST and Chl a_int 
for the tropical region (Table 3). These findings agree 
with those of Dave and Lozier (2013), who compared 
estimates of stratification (from hydrographic profiles) 
and Chl a (from satellite) for the global tropical and 

Fig. 6. – Relationships of micro-, nano- and picophytoplankton Chl a with the sum of Chl a in all three size fractions (Chl a_pol) for surface 
(A), the 20% surface PAR (B), the DCM (C) and all light levels pooled (D). The number “45” in the upper right side of Fig. 6D indicates the 

x position of the Chl a values corresponding to this station. The equations of the regression lines can be found in Table S5.
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subtropical oceans. They found that a negative rela-
tionship was valid for globally averaged data at inter-
annual time scales but broke down at the basin scale. 
As potential explanations for these results, they pointed 
out that stratification by itself does not predetermine 
the strength of vertical mixing and that lateral inputs 
of nutrients from other locations could also be import-
ant. Another example of different patterns depending 
on the scale of observation is reported by Barton et al. 
(2014), based on the Continuous Plankton Recorder 
and accompanying observations. They concluded that 
physical mechanisms, such as turbulent mixing, dif-
ferentiated the fates of diatoms and dinoflagellates on 
seasonal timescales, but did not appear to drive their 
longer-term variability. In our analysis, we could add 
the relatively small range of temperatures in the visited 
regions and the confounding effect of pooling togeth-
er data from various water masses with different SST, 
stratification and phytoplankton productivity back-
grounds and temporal histories. In fact, for each of the 
three light levels, temperature (Table S7) was signifi-
cantly lower in the Indian Ocean than in the Atlantic or 
the Pacific (ANOVA, p<0.0001, and Tuckey test, n=32-
60), while σ200-σ6, Chl a_DCM and Chl a_int (Table 
1) were higher for the Pacific than for the other oceans 
(ANOVA, p<0.0001, and Tuckey tests, n=32-61). The 
implication is that global relationships of phytoplank-
ton variables with temperature or local stratification in-
dices as indicators of nutrient fluxes and phytoplankton 
growth in the surface layer must be critically assessed 
taking into account the structure of each data set.

CONCLUSIONS

The Malaspina-2010 circumnavigation expedi-
tion surveyed tropical and subtropical regions of the 

Atlantic, Indian and Pacific oceans mostly during the 
spring-summer months of the visited areas. In general, 
there was a marked temperature stratification, a DCM 
was found at most stations between 60 and 150 m 
depth, and a nitrite maximum occurred at depths sim-
ilar to or deeper than the DCM; the exceptions were 
several areas affected by upwelling or divergences: the 
Atlantic and Pacific equatorial upwellings, the Costa 
Rica Dome and the Eastern Great Australian Bight. 
Typically, the DCM was located close to the level of 
1% PAR, was deeper than the MLD and occurred either 
at the same depth as or a few metres above the nitra-
cline. The linear regression equations of DCM depth 
on nitracline depth were positive and significant and 
had similar slopes for all three oceans. These findings 
agree with the description of the “typical tropical struc-
ture” (Herbland and Voituriez 1979) or the “typical sta-
ble water structure” (Cullen 2015) and support the idea 
that, at least across tropics and subtropics, the DCM 
occurrence is shaped by a similar interplay of light and 
nutrient gradients.

In contrast with results reported in other studies, the 
proportion of picophytoplankton Chl a (f_pico) was 
significantly higher at the DCM and increased with 
total Chl a (Chl a_pol) while f_nano and f_micro de-
creased. Higher cell pigment content due to photoaccli-
mation appeared to be the most important contributor 
to the DCM.

The significant correlation of Chl a_int with Chl 
a_srf, with linear regression slopes that were not sig-
nificantly different among the studied oceans or geo-
graphical zones, supports the feasibility of using re-
mote sensing of surface Chl a to derive information 
on integrated Chl a concentration in the water column 
of these regions. In contrast, Chl a_srf was negatively 
correlated with SST and the σ200-σ6 stratification in-

Fig. 7. – Relationship of integrated Chl a (Chl a_int) with Chl a at the surface (Chl a_srf), (A) and with sea surface temperature (B). Significant 
regression lines are shown. The equations in (A) are y=1.79+0.23x (correlation, R=0.69) for the Atlantic, y=1.74+0.24x (R= 0.62) for the 

Indian, y=1.80+0.20x (R=0.48) for the Pacific and y=1.81+0.25x (R=0.66) for all oceans.
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dex only for the Indian Ocean, highlighting the need 
for caution in relating increased temperature or stratifi-
cation to decreased pigment concentration.

SUPPLEMENTARY MATERIAL

The following supplementary material is available 
through the online version of this article:

Fig. S1. Relationship between the logarithm of the 
sum of Chl a for all size fractions [log(Chl a_pol)] 
and the proportion of Chl a in the microphytoplankton 
(f_micro), nanophytoplankton (f_nano) and picophyto-
plankton (f_pico) at surface (A), the 20% light level 
(B), the DCM level (C) and all light levels pooled (D). 
The equations of the RMA regression lines (only the 
significant ones are shown) can be found in Table S5.

Fig. S2. Relationship between the measured pro-
portions of Chl a in the micro- and picophytoplankton 
size fractions and calculated according to the Hirata 
algorithm (Hirata f_micro and Hirata f_pico, respec-
tively). The equations are y=0.10-0.17x (correlation, 
R=0.19) for Hirata f_micro and y=0.68-0.39x (R=0.48) 
for Hirata f_pico.

Fig. S3. Spatial variability of surface Chl a (Chl 
a_srf) and integrated Chl a (Chl a_int) along the Mala-
spina-2010 cruise track.

Fig. S4. Salinity (A) and potential density anomaly 
(σ0, kg m-3, panel B) distributions during the Malaspi-
na-2010 expedition. The white lines indicate the mixed 
layer depth. The initial and final stations of each leg 
and the different regions indicated in Fig. 1, are shown 
on top of the (A) panel.

Fig. S5. Relationships between the nitracline depth 
and the shallower depth with phosphate concentrations 
equal or exceeding 0.35 mmol m-3 (A, B) or 0.10 mmol 
m-3 (C, D). Stations with DCM more than 10 m deeper 
than the nitracline are marked with “1” and those with 
DCM more than 10 m shallower than the nitracline are 
marked with “2” (the 10 m absolute difference between 
DCM and nitracline was adopted to account for uncer-
tainties in the sampling depths).

Table S1. Oceans and zones visited during the sev-
en legs of the Malaspina-2010 expedition.

Table S2. Cruise schedule of Malaspina 2010.
Table S3. Parameters of the linear regression equa-

tions of the DCM depth on the nitracline depth (m) for 
the different oceans and zones and for the whole data 
set (“All”).

Table S4. Parameters of significant linear regression 
equations between different dependent and indepen-
dent variables for the different oceans and zones, and 
for the whole data set. (A) Regression of the logarithms 
of integrated Chl a concentration [log(Chl a_int)] on 
the Chl a concentration at surface [log(Chl a_srf)]. (B) 
Regressions of log(Chl a_srf) and log(Chl a_int) on 
sea surface temperature (SST) and the σ200-σ6 strat-
ification index. (C) Regression of the logarithm of Chl 
a concentration at the DCM [log(Chl a_DCM)] on the 
DCM depth for the depth intervals 0 -200 m, 0-100 m 
and 100-200 m.

Table S5. (A) Parameters of the RMA regression 
equations of the logarithm of the Chl a concentration 
in the micro- [log(Chl a_micro)], nano- [log(Chl a_
nano)] and picophytoplankton [log(Chl a_pico)] size 
fractions on the logarithm of the total Chl a concentra-
tion, calculated as the sum of all the fractions [log(Chl 
a_pol)], for the different light levels. (B) Parameters 
of the RMA regression equations of the fractional (per 
unit) contribution of micro- (f_micro), nano- (f_nano) 
and picophytoplankton (f_pico) on Chl a_pol, for the 
different light levels.

Table S6. Particulate organic carbon (POC, μM), 
Chl a_tot concentrations, POC/Chl a_tot ratios for sur-
face and DCM, and ratio between Chl a_tot at DCM 
(Chl a_DCM) and Chl a_tot at surface (Chl a_srf). 
surface. Only stations with DCM and for which both 
POC and Chl a_tot data from surface and DCM were 
available have been used.

Table S7. Statistical parameters of the temperature 
for the three light levels in the Atlantic, Indian and Pa-
cific oceans.
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