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Preface
This thesis is the result of a three year PhD project in the Center for Macroecology, Evolution
and Climate, Department of Biology, University of Copenhagen. The thesis has been
supervised by Professor Katherine Richardson and Professor mso Marianne Ellegaard.
During my PhD, I have spent two months at Centre for Ecological and Evolutionary
Synthesis, University of Oslo in Norway, hosted by Professor Nils Christian Stenseth.
Furthermore, I have spent several weeks onboard the research vessel Dana doing fieldwork in
the North Atlantic and the Greenland Sea.
The thesis consists of three parts. The first is a synopsis giving an introduction to the subject
of the thesis as well as a discussion on how the results reported in this thesis relate and
contribute to existing understanding of marine pelagic ecology. The second part consists of
five manuscripts reporting the major results found during my PhD. The third part presents
appendices providing additional supporting material for three of the manuscripts included in
the thesis.
Erik Askov Mousing
Copenhagen, Denmark, October 2013
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Abstract
Marine phytoplankton are responsible for approximately half of the global total primary
production. The photosynthesis they carry out sustains higher trophic levels in the marine
ecosystem. Changes in phytoplankton community composition can have cascading effects on
food web dynamics, total production, biochemical cycling and have a direct impact on the
global carbon cycle through the biological pump. Understanding the processes controlling
phytoplankton primary production and community composition at the global scale and how
these interact with climate change are, therefore, imperative for predicting future ocean
function.
This PhD thesis investigates and describes macroecological patterns in the distribution
and diversity of marine phytoplankton. The primary focus has been to describe
macroecological patterns in phytoplankton total biomass and community structure and relate
these patterns to in situ abiotic conditions (primarily temperature, salinity, mixed layer
dynamics and ambient nutrient concentrations) in order to elucidate the primary bottom-up
processes that control phytoplankton communities.
In order to do this, I investigate and present several data sets that have been assembled
over both spatial and temporal scales. Macroecological patterns are investigated on the global
scale through a data set collected on the circumnavigating Galathea 3 expedition in 20062007. Specific hypotheses on phytoplankton size, silica recycling and bloom dynamics are
investigated using more confined datasets collected in the North Atlantic in 2008, in the
Disko Bay, Greenland in 2007 and in the Black Sea in 2007. Several statistical techniques are
used but the focal point resolves around statistical modeling and multi-model inference using
an information-theoretic approach. The results are presented as five research chapters shaped
as manuscripts.
In Manuscript I, the macroecological patterns in phytoplankton community size
structure were investigated in relation to temperature and inorganic nutrient concentrations.
Although temperature has been shown to directly affect phytoplankton size at small scales, it
has been largely unknown to what degree this effect scales up to the global community. Here,
it is shown that temperature has an important and universal direct effect as well as an indirect
effect on phytoplankton community size structure (possibly through the development of
thermal stratification limiting the flux of nutrients from the deep ocean). This affect has
important implications for the global carbon cycle and should be included in future climate
models.
In manuscript II, changes in the mean cyst size of dinoflagellates are investigated in
relation to temperature changes during the Little Ice Age and the Medieval Climate Anomaly.
It is shown that cysts of both individual dinoflagellate species and the community as a whole
decrease with increasing temperature and it is argued that cyst sizes, measured at the intraspecific scale, show great potential in elucidating the effect of changing temperature through
time.
In manuscript III, the macroecological distribution of phytoplankton biomass and
community size structure are investigated in relation to ambient inorganic macronutrient
concentrations. Although nutrients are known to control both biomass and growth of
phytoplankton from local to the global scale, their relative importance in relation to one
9

another and the importance of interactions between several nutrients are unknown for the
open ocean on the global scale. Here, it is shown that all of the measured nutrients contribute
to the control of phytoplankton biomass and community size structure at the global scale. The
statistical approach applied indicated that different nutrients were, apparently, co-limiting the
examined phytoplankton processes in different regions of the world’s oceans. It is also shown
that there is a strong increase in both phytoplankton total biomass and the fraction of large
phytoplankton in the community at N/P ratios between 8 and 16. Thus, it is argued that
nutrient ratios play an important role in both yield and rate limitation of phytoplankton.
In manuscript IV, the dissolution state of silicate over time in the Black Sea is
investigated using protist remains in a sediment core representing the last 100 years and the
results used to propose a new hypothesis concerning silica recycling in this regional sea.
Diatoms in the Black Sea have been believed to be silica limited due to human induced
changes in nutrient input beginning in the 1970s. However, increasing silicate in the deep
ocean over the same period has indicated that there is an overlooked source of silicate and has
brought the paradigm of silica limitation into question. Here, it is shown that silicate-using
protists became more diluted in the sediment after 1970 and argue that the unknown silica
source is probably increased silica recycling caused by increasing annual production due to
increasing nitrogen concentrations.
Manuscript V investigates changes in phytoplankton community composition during the
North Atlantic spring bloom in 2008 and relates these changes to ambient physical conditions.
Although the general seasonal phytoplankton succession pattern in this region has been
identified as going from diatoms to dinoflagellate to flagellates, almost nothing is known
about the factors controlling small scale spatial and temporal heterogeneity in phytoplankton
species composition during the spring bloom, itself. Here, two different phytoplankton
communities were identified, each associated with specific hydrographic features. The major
difference between the two groups was the presence/absence of large Chaetoceros species
and, where present, these species dominated the diatom biomass. The availability of inorganic
nutrients did not appear to be important in establishing the overall phytoplankton distribution
patterns recorded here. However, changes in the biomass of Chaetoceros at the shallowest
sampling depths correlated with wind-induced turbulence.
Together, the studies presented here indicate that macroecological investigation of
phytoplankton abundance and species distributions has tremendous potential in terms of
developing understanding of fundamental processes relating to carbon uptake by
photosynthesis in the ocean. Understanding these fundamental processes is a prerequisite for
predicting how changing ocean conditions may influence phytoplankton communities and
their role in global carbon cycling.
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Resumé
Marin fytoplankton er ansvarlige for ca. halvdelen af den samlede globale primærproduktion.
Fotosyntesen de udfører opretholder højere trofiske niveauer i det marine økosystem.
Ændringer i fytoplanktonsamsfundets sammensætning kan påvirker fødekæden, den samlede
produktion, biokemiske cykling og har en direkte indvirkning på det globale kulstofkredsløb
gennem den biologiske pumpe.
Denne ph.d.-afhandling undersøger og beskriver makroøkologiske mønstre i
fordelingen og mangfoldigheden af marin fytoplankton. Det primære fokus har været at
beskrive makroøkologiske mønstre i fytoplanktonets totale biomasse og samfundsstruktur og
relatere disse mønstre til de omgivende abiotiske forhold (primært temperatur, saltholdighed,
dynamik i blandingslaget og koncentrationer af næringssalte) for at belyse de primære
”bottom-up” processer, som kontrollerer fytoplanktonsamfund.
For at kunne gøre dette, undersøges flere forskellige datasæt. Makroøkologiske mønstre
undersøges på globalt plan gennem et datasæt indsamlet på Galathea 3 ekspeditionen i 20062007. Specifikke hypoteser om fytoplanktonets størrelse, genbrug af biologisk bundet silikat
og dynamikken i forårsopblomstringen undersøges ved hjælp af mindre datasæt indsamlet i
Nordatlanten i 2008, i Diskobugten, Grønland i 2007 og i Sortehavet i 2007. Adskillige
statistiske teknikker anvendes, men omdrejningspunktet har været anvendelsen af et stort
antal statistiske modeller som er blevet evalueret i et informationsteoretisk perspektiv.
Resultaterne præsenteres som fem forskningskapitler skrevet som videnskabelige
manuskripter.
I manuskript I undersøges makroøkologiske mønstre i fytoplanktonets størrelsesstruktur
i forhold til temperatur og koncentrationer af uorganiske næringssalte. Selvom det er
anerkendt at temperaturen direkte kan påvirke fytoplanktonets størrelse på lille skala, har man
ikke vidst i hvilken grad denne effekt skalerer op til det globale fytplanktonsamfund. I
manuskriptet fremgår det, at temperaturen har en vigtig og universel direkte effekt samt en
indirekte effekt på fytoplanktonets størrelsestruktur (sandsynligvis igennem temperaturlagdeling hvilket begrænser tilførslen af næringssalte fra dybehavet). Denne effekt har stor
betydning for det globale kulstofkredsløb og bør indgå i fremtidige klimamodeller .
I manuskript II undersøges ændringer i den gennemsnitlige cystestørrelse for
dinoflagellater i forhold til temperaturændringer mellem den lille istid og den middelalderlige
varmeperiode. I manuskriptet fremgår det, at størrelsen af cyster for både individuelle
dinoflagellatarter og samfundet som helhed falder med stigende temperatur, og det
konkluderes, at cystestørrelser, målt på artsspecifik niveau, viser et stort potentiale i at belyse
effekten af at temperaturændringer gennem tiden.
I manuskript III undersøges makroøkologiske mønstre i fytoplanktonets biomasse og
samfundets størrelsesstruktur i forhold til både totale og relative koncentrationer af
uorganiske næringssalte. Selvom uorganiske næringssalte er kendt for at være styrende for
både biomasse og væksten af fytoplankton fra lokalt til globalt plan, er deres relative
betydning i forhold til hinanden og betydningen af samspillet mellem flere næringssalte
ukendt for det åbne hav på globalt plan. I manuskriptet fremgår det, at alle de målte
næringssalte bidrager til kontrollen af fytoplanktonets biomasse og samfundets
størrelsesstruktur på global skala. Resultaterne indikerede, at forskellige næringssalte var
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begrænsende for fytoplanktonet biomasse og størrelse i forskellige regioner i verdenshavene.
Det fremgår også, at der er en kraftig stigning i både fytoplanktonets totale biomasse og
fraktionen af store fytoplankton i samfundet ved N/P-forhold mellem 8 og 16. Således
foreslås det, at den relative fordeling af nærringssalte spiller en nøglerolle i kontrollen af både
fytoplankton biomasse og størrelse.
I manuskript IV undersøges opløsningstilstanden af silikat over tid i Sortehavet ved
hjælp silkat-afhængige protister i en sedimentkerne som repræsenterer de sidste 100 år, og
resultaterne bruges til at foreslå en ny hypotese om genanvendelse af biogenisk silikat i denne
region. Kiselalger i Sortehavet menes at være silikatbegrænsede på grund af menneskeskabte
ændringer i næringsstoftilførslen siden i 1970'erne. Imidlertid har øget silikat i dybhavet i
samme periode indikeret, at der er en overset silikatkilde hvilket har bragt paradigmet for
silikat begrænsning i tvivl. I manuskriptet vises det, at silikat-afhængige protister er blevet
mere opløste i sedimentet efter 1970, og det hævdes, at den ukendte silikatkilde formentlig er
en øget genanvendelse af opløst biogenisk silikat forårsaget af en stigende årlig produktion på
grund af stigende kvælstoftilførsel.
I Manuskript V undersøges ændringer i fytoplanktonsamfundets sammensætning i løbet
af forårsopblomstringen i Nordatlanten i 2008 samt hvordan disse relaterer sig til ændringer i
de omgivende fysiske forhold. Selv om det generelle sæsonmæssige fytoplankton
successionsmønster i denne region er blevet identificeret som gående fra kiselalger til
dinoflagellater til flagellater, ved man meget lidt om de faktorer, der styrer de små rumlige og
tidslige
forskelligheder
i
fytoplanktonets
artssammensætning
under
selve
forårsopblomstringen. Resultaterne indikerer, at forårsopblomstringen overordnet bestod af to
forskellige fytoplanktonsamfund, hver forbundet med specifikke hydrografiske forhold. Den
største forskel mellem de to grupper var tilstedeværelsen/fraværet af store Chaetoceros arter
samt at Chaetoceros dominerede biomassen når de var til stede. Biomassen af Chaetoceros
viste at være korreleret med vindgeneret turbulens i overfladelaget. Tilgængeligheden af
uorganiske næringssalte viste sig at være af sekundær betydning for både den tidslige of
rumlige fordeling af fytoplanktonarter.
Denne Ph.d.-afhandling viser, at makroøkologiske undersøgelser af fytoplanktonforekomster of artsudbredelser har et enormt potentiale med hensyn til udvikling af
forståelsen for grundæggende processer vedrørende kulstofoptag gennem fotosyntese i havet.
Forståelsen af disse grundlæggende processer er en forudsætning for at forudsige hvordan
skiftende forhold i havet kan påvirke fytoplanktonsamfund og deres rolle i den globe
kulstofcyklus.

12

List of manuscripts
I.

Mousing, E. A., Ellegaard, M., Richardson, K. Global patterns in phytoplankton
community size structure – evidence for a direct temperature effect. Accepted for
publication in Marine Ecology Progress Series. DOI: 10.3354/meps10583.

II.

Mousing, E. A., Ribeiro, S., Ellegaard, M. Using sediment records to test the impact of
temperature on marine protist cell size through time at the species and community level.
Manuscript.

III.

Mousing, E. A., Richardson, K., Ellegaard, M. Macroecological patterns in
phytoplankton biomass and community size structure in relation to ambient inorganic
macronutrients and the N/P ratio. Manuscript.

IV.

Mousing, E. A., Adjou, M., Ellegaard, M. Evidence of intense silica recycling in the
Black Sea after 1970. Manuscript.

V.

Richardson, K., Mousing, E. A., Bendtsen, J., Cetinic, I., Perry, M. J. Factors
controlling small scale spatial and temporal heterogeneity in phytoplankton species
composition in the North Atlantic spring bloom. Manuscript.

13

14

PART I
SYNOPSIS

15

16

Synopsis
Introduction
Phytoplankton diversity and biomass vary widely at both spatial and temporal scales. The
factors controlling these variations have been discussed since the discovery of phytoplankton
by Van Leeuwenhoeck in 1676 (Dobell 1932) and, especially, after the realization that
phytoplankton form the base of the marine food chain about 200 years later. After more than a
century of research which has led to considerable progress in the understanding of these
factors, one question remains central in marine ecology (see de Baar 1994, for a historical
review):
“What controls the growth, biomass and diversity of phytoplankton?”
Marine phytoplankton are responsible for approximately half of the total global primary
production equaling about 45-59 Pg year-1 (Falkowski & Raven 2007; Behrenfeld et al. 2001;
Falkowski et al. 1998). Each day, phytoplankton fix more than a hundred million tons of
carbon which is subsequently transferred into the marine ecosystem, supporting secondary
production in all subsequent trophic levels and setting an upper limit on sustainable fishing
yields (Behrenfeld et al. 2001; Falkowski et al. 1998; Walsh 1981). With such astronomically
large amounts of carbon being handled by phytoplankton, it seems clear that alterations to this
system can potentially have implications for the global ecosystem.
Pathways of carbon transfer are influenced by phytoplankton community composition
(Laws et al. 2000; Michaels & Silver 1988) and changes in this composition, therefore, can,
potentially generate cascading effects on food web dynamics (Beardall & Stojkovic 2006;
Laws et al. 2000; Irwin et al. 2006), global primary production (Beardall & Raven 2004) and
biogeochemical cycling of several major elements (Sterner & Elser 2002; Thingstad &
Cuevas 2012; Arrigo 2005). Furthermore, phytoplankton primary production influences the
carbon cycle through photosynthesis which reduces the pCO2 in surface waters and stimulates
CO2 flux from the atmosphere to the surface ocean (Falkowski & Raven 2007; Falkowski et
al. 1998). A fraction of the biologically fixed carbon will be transported to the deep ocean
through the biological pump thus coupling phytoplankton production and the global carbon
cycle (Falkowski et al. 1998; Ducklow et al. 2001).
The processes controlling the efficiency of the biological pump are not fully understood
but are thought to be directly linked to food web structure (Azam 1998) and to phytoplankton
community composition with a positive correlation between phytoplankton community mean
size and net export (Hilligsøe et al. 2011 and references within). It should be noted, however,
that a few studies have hinted that the effect of small phytoplankton (< 2 µm) on the net
export might be underestimated (Richardson & Jackson 2007). In addition, it is becoming
increasingly obvious that small scale heterogeneity in the occurrence of individual species or
groups of species can play an important role in the efficiency of the biological pump. Thus, an
efficient downward carbon flux has been shown to be associated with heavily ballasted
phytoplankton groups such as coccolithophores (De La Rocha & Passow 2007) and diatoms
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(Ragueneau et al. 2006) or species with specific life cycle strategies such as spore or cyst
formation (Fujii & Matsuoka 2006; Heiskanen 1993; Rynearson et al. 2013; Salter et al. 2012;
Smetacek 1985).
In general, phytoplankton biomass, size and diversity are controlled by a number of
biological interactions including bottom-up processes such as competition for limiting
resources (Tilman et al. 1982) (e.g. light, nitrogen, phosphorus and iron) and top-down
processes such as grazing (Armstrong 1994; Kiørboe 1997) and lysis due to viral infections
(Bratbak et al. 1990; Fuhrman 1999) which also can be considered as a form of grazing.
These interactions are, in turn, controlled by physical processes such as temperature changes,
ocean circulation, atmospheric dust deposition, turbulence and mixed layer dynamics (see
Falkowski et al. (1998) and Finkel et al. (2010) for a review). These processes are discussed
in more detail below but it is obvious that, together, these factors comprise a very complex
system and the current understanding of the processes controlling the system ranging from
small to global scales is still inadequate to understand the system, as a whole. Not least of
which in light of ever increasing climate change, human induced nutrient enrichment and
overfishing of the world’s ocean, developing a better understanding of the factors controlling
processes within the marine system is essential in order to be able to sustainably manage the
interaction of human activities and the earth system (Richardson et al. 2011).
The macroecological approach
The term “macroecology” was coined by James Brown in a 1989 Science paper (Brown &
Maurer 1989) and was further developed in two influential text books on the subject (Brown
1995; Gaston & Blackburn 2000). Macroecology and macroevolution has since received
increasing attention in ecological science, especially among terrestrial ecologists and
biogeographers (ref). Marine ecologists have entered the stage of macroecology and
macroevolution relatively late but the number of publications has increased in recent years
(e.g. refs) including the publication of a text book in marine macroecology (Witman & Roy
2009).
Macroecology deals with the relationship between organisms and their environment and
involves characterizing and explaining statistical patterns of abundance, distribution and
diversity (Brown 1995) and emphasizes universal patterns emerging from the statistical
phenomenology of a large number of observations (Witman & Roy 2009). In other words,
even if a driver of a pattern (e.g. temperature) is universally important, it is not necessarily
detectable at the local scale. This could be caused both by a small range of measurements of
this driver at the local scale or some other factor correlated with the driver. Nevertheless,
these local, or small scale differences, should average out if the pattern is investigated on a
sufficiently large scale (regional to global).
Macroecology is, thus, inherently dependent on the empirical relationships (i.e. the
observed patterns) and the statistical methodology available for investigating these
relationships. William K. W. Li (Li 2009) expressed the potential of this approach as the
ability to “extract the probable from among the possible, [making it a] method for prediction”
and the ability to “distinguish among alternate hypotheses concerning the relationship
between variables, [making it a] method for inference”. However, it should be emphasized
18

that, as the approach is correlative in its nature and even though the patterns can point to the
causal underlying processes, caution is always warranted in regard to the conclusions being
made.

Global patterns in the distribution of marine phytoplankton
Biomass and productivity
Our understanding of the distribution of marine phytoplankton biomass and productivity has
been greatly improved since the launch of the Sea-viewing Wide Field-of-view Sensor
(SeaWIFS) satellites in 1997. Remote sensing presented the opportunity of obtaining almost
simultaneous measurements of chlorophyll a in the upper 30 meters of the Earth’s oceans (fig.
1). The conversion of chlorophyll a to Net Primary Production (NPP) has proven to be
complex and several algorithms exist (Laws et al. 2000; Behrenfeld et al. 2006; Marra et al.
2003). All algorithms, however, produce patterns similar to the distribution of chlorophyll a
on which they are based (Huston & Wolverton 2009). Several patterns are visible from the
global mean chlorophyll a values (fig. 1) but, overall, it seems clear that global patterns in
phytoplankton biomass (measured as chlorophyll a) are influenced by terrestrially derived
sources of dissolved inorganic nutrients:
Firstly, chlorophyll a concentrations are highest along the continental margins and,
especially, in areas where major rivers discharge into the continental seas. The impact of
several river mouths is, thus, apparent from space, i.e. the Yena and Ob Rivers in Siberia, the
Mississippi River in the Gulf of Mexico, the Amazon River off the coast of Brazil, the Congo
River in the south Atlantic Ocean, the Yangtze River in the east China Sea and many others
(see review by Huston and Wolverton, 2009). These patterns emphasize the potential impact
of anthropogenic nutrient enrichment and eutrophication in coastal seas (e.g. the Black Sea
(Cociasu et al. 1996; Mee 1992)). Furthermore, chlorophyll a concentrations are generally
higher at the western coasts of the American and African continents which are characterized
by long periods of deep water upwelling and introduction of inorganic nutrients from the deep
ocean (Pickett & Schwing 2006; Nykjær & Van Camp 1994) compared to the eastern coasts
where this phenomenon is more restricted.
Secondly, a latitudinal pattern in the open ocean is obvious where chlorophyll a
concentrations, in general, are low at low latitudes and high at intermediate and high latitudes.
This overall pattern is consistent with patterns of nutrient availability. In the central ocean
gyres at low latitudes, high temperature and muted seasonal variability result in a permanently
stratified water column, effectively restricting nutrient flux from the deep ocean to the
euphotic zone (Eppley et al. 1973) and setting an upper limit on biomass (about 0.2 mg m-3;
Yoder et al., (1993)). Phytoplankton growth and biomass in the surface waters of these areas
are, thus, dependent on recycled nutrients released through grazing proceses (Kiørboe 1997;
Banse 1995) and, especially, microbial networks (i.e. “the microbial loop”; Azam et al.,
(1983); Fenchel (2008)). At higher latitudes (especially in the northern hemisphere), annual
deep mixing facilitates a nutrient flux from the deep water to the euphotic zone, seasonally
supporting high phytoplankton production and biomass (i.e. blooms) during the spring and
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Figure 1: Global distribution of ocean surface (to 30 meters depth) chlorophyll a
concentrations, 1997-2007 mean values from SeaWIFS satellites (redrawn from Huston and
Wolverton, 2009).
summer season when the critical layer exceeds the mixed layer depth (Sverdrup 1953) and
when the abundance of grazers is too low to exert top-down control (Kiørboe 1997).
The transition zones between these areas are very narrow where areas with permanently
low concentrations of nutrients correspond to areas where the annual average sea surface
temperature (SST) is higher than 15 ºC (Behrenfeld et al., 2006). This temperature (15 ºC) is
interesting in several ways because it also appears to be a threshold value at which the thermal
stratification is more or less permanent on an annual basis (Behrenfeld et al. 2006). In
addition, however, it is also the temperature where the growth rates of heterotrophs have been
reported generally to exceed those of autotrophs suggesting increased top-down control of the
phytoplankton biomass at temperatures higher than 15 ºC (Rose & Caron 2007).
Thirdly, chlorophyll a concentrations appear, generally, to be higher at high latitudes in
the northern hemisphere compared to high latitudes at the southern hemisphere. In addition,
where production and biomass on the northern hemisphere show a strong seasonal patterns
(with high values in boreal summers), this pattern is much less pronounced in the southern
hemisphere (Behrenfeld et al. 2001). This lack of high phytoplankton biomass in the southern
part of the southern hemisphere (i.e. in the Southern Ocean) was, for a long time, considered
to be a paradox because concentrations of nitrogen, phosphate and silicate are usually very
high here and the Southern Ocean was termed a High Nutrient Low Chlorophyll (HNLC)
region. It has later been shown that the Southern Ocean, together with the two other HNLC
regions in the contemporary ocean (the Subarctic Eastern Pacific and the Eastern Equatorial
Pacific) is limited by Fe and the lack of seasonal variability (Boyd et al. 2000; Sullivan et al.
1993; Cavender-Bares et al. 1999; Coale et al. 1996)
Temporal changes in NPP have been shown to correlate with the Multivariate ENSO
Index (Behrenfeld et al. 2006) which is an index used to evaluate the strength of the El
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Niño/Southern Oscillation cycles. In other words, NPP (and chlorophyll a) is generally
negatively correlated with increasing temperature which is probably caused by a
strengthening of ocean stratification leading to a decrease in the flux of nutrients from the
deep ocean to the euphotic zone (Behrenfeld et al., 2006).
From the global patterns of chlorophyll a acquired from the SeaWIFS satellites, it seems
obvious that phytoplankton biomass is related to nutrient availability. Despite this overall
pattern, however, it has proven incredibly difficult to elucidate how nutrients influence
phytoplankton distributions and which nutrients are responsible for the patterns observed.
This becomes clear when NPP values, calculated from the satellite chlorophyll a
concentration, are compared to in situ measurements where the best agreement is more than a
factor 2 above or below the in situ recorded value (Cambell et al., 2002; Carr et al., 2006).
Furthermore, the SeaWIFS satellites are restricted to the upper 30 meters of the water column
which is often too shallow to sense the often very pronounced primary production taking
place in the pycnocline, a phenomenon also known as the deep chlorophyll maximum (e.g.
Richardson et al., 2005).
As the carbon cycle is critically dependent on NPP (Falkowski et al. 1998), accurate
determination of NPP from satellite chlorophyll a measurements are of paramount importance
for the prediction of future ocean ecosystem function, including the net export of carbon to
the deep ocean. In order to significantly improve the algorithms both better in situ data as well
as a better understanding of the mechanisms driving the major patterns are needed.
Notes on the concepts of limitation
Despite of the knowledge gap in understanding the relationship of patterns of contemporary
distributions of phytoplankton biomass (and NPP) and the processes underlying these
patterns, much progress has been made in recent decades in this understanding. This progress,
of course, builds on a vast amount of older literature which is too numerous to elaborate on in
detail here. Nevertheless, no literature review on the factors limiting phytoplankton growth
and biomass would be complete without acknowledging, at the very least, the concepts of
yield and rate limitation (Von Liebig 1855; Blackman 1905), the mathematical tools used to
describe the nutrient kinetics of phytoplankton (Michaelis & Menten 1913; Monod 1942), the
theory of resource competition (Tilman 1982; Tilman et al. 1982) and the concepts of
widespread top-down predator control, or “the world is green” hypothesis (Hairston et al.
1960; Brooks & Dodson 1965) on which the recent achievements in understanding are based.
Before discussing these processes, however, it is important to note that interactions
happen at the intra-specific scale and that the relevant currencies for interpreting interactions
are rates (growth rate, grazing rate etc.). Phytoplankton total biomass is not a rate and a
change in the biomass is affected by both the production rate (i.e. NPP) of the phytoplankton
community as well as various loss processes:
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 = 𝑁𝑃𝑃 − (𝐺𝑟𝑎𝑧𝑖𝑛𝑔 − 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 − 𝐿𝑦𝑠𝑖𝑠)

From this equation, it becomes clear that factors limiting biomass are not necessarily the
same as the factors limiting primary production because primary production is only a part of
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the equation determining total biomass. Even if we set the last part of the equation to zero (i.e.
the loss term) it does not automatically follow that biomass and primary production are
limited by the same factor(s). For example, light will always limit the rate of primary
production but the upper level of total biomass is limited by the available nutrients (Falkowski
et al. 1998). The distinction between yield limitation (i.e. limitation of total biomass) and rate
limitation (e.g. limitation of the rate of formation of biomass) is not trivial and failing to apply
the right definition has apparently confused marine scientists for more than a century (de Baar
1994; Harpole et al. 2011; Beardall et al. 2001).
Multiple nutrient co-limitation
With regard to nutrients, only a handful of elements are used by phytoplankton and only a few
of these can be considered as potentially being limiting for total biomass and growth in
natural ecosystems. The nutrients have traditionally been divided into macronutrients
(nitrogen (N) and phosphorus (P)) and micronutrients (trace metals, primarily Iron (Fe), Zink
(Zn) and Cobalt (Co)). In addition, some phytoplankton groups need Silicate (Si) or calcium
(Ca) as part of their cellular structure (such as diatoms or coccolithophores, respectively). Of
these nutrients, N and P are needed in the largest quantities and they, therefore, have attracted
the most attention. The importance of N and P has probably been further emphasized by focus
on the Redfield Ratio (N/P = 16:1) (Redfield 1934) which, for many years, was considered as
being a canonical ratio describing the optimum ratio of internal phytoplankton stoichiometry
(Box 1) and has, therefore, been used to predict limitation of N and P when the N/P ratio in
the water deviated from 16:1 (refs). Although the Redfield ratio is no longer considered a
universal optimum (Geider & La Roche 2002; Arrigo 2005), it remains an important feature
of the contemporary ocean and phytoplankton elemental stoichiometry remains an important
phytoplankton trait (Finkel et al. 2010).
There is a rich literature on whether N or P is the ultimate limiting nutrient in the ocean
(i.e. on geological timescales; e.g. Tyrell 1999; Smith 1984) but, for the contemporary ocean,
N has generally been believed to be the primary limiting macronutrient (with P being limiting
in fresh water) (Howarth 1988; Tyrell 1999; Falkowski 1997), and with regional variations
such as P limitation (Krom et al. 1991) and Fe limitation (Boyd et al. 2000; Cavender-Bares et
al. 1999) being noted. Basically, the N limitation paradigm is founded on two results: firstly,
although N and P are generally correlated in the ocean, when nutrients become depleted in
surface waters, there is usually a low, but detectable concentration of P, whereas N is
undetectable (Deutsch & Weber 2012; Tyrell 1999). Secondly, early investigations showed
that, when N and P were added to these nutrient deprived waters, N addition would stimulate
growth and P addition would not (see Tyrell 1999, for a review).
The important thing to note here is that the discussion has been based on yield limitation
which has somehow led to the general (mis-)understanding that single nutrient limitation
(sensu Von Liebig 1855) is the only mechanism limiting phytoplankton on the
macroecological scale (de Baar 1994). Single nutrient limitation as defined by Liebig’s law of
the minimum states that the overall yield of biomass cannot exceed the availability of the
most limiting nutrient. However, Liebig’s law of the minimum was developed for single crops
and not communities where succession can lead to a change in the species composition when
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Box 1: The Redfield ratio revisited
Globally, nitrogen (N) and phosphorous (P) are the two primary nutrients limiting primary
production and the Carbon (C), N and P cycles in the ocean are, therefore, closely coupled
with the average proportions of elements in the deep sea and for planktonic organisms
being C/N/P = 105:15:1 and 106:16:1 respectively (GEOSECS; Sterner & Elser 2002;
Tyrell 1999). This ratio (molar N/P = 16:1), is known as the Redfield ratio, named after
Alfred Redfield who initially hypothesized a connection between organism composition
and water chemistry (Redfield 1934). From this pattern, it was hypothesized that that the
ratio reflected an optimum, or canonical, uptake ratio of N/P required by phytoplankton
(Falkowski 2000; Redfield 1958). The globally uniform molar ratio of N/P = 15-16:1 in
the deep ocean would, then, be caused by uptake of N and P by phytoplankton in this ratio
with subsequent sinking and re-mineralization in the deep sea, slightly modified by denitrification processes, causing the slightly lower N/P ratio in the deep sea (Anderson &
Sarmiento 1994; Redfield 1958).
A major problem associated with this paradigm, however, isthe empirical evidence
of widely fluctuating N/P ratios within and between phytoplankton species (Elser et al.
1996; Hecky et al. 1993) which contradicts the idea of there being a universally applicable
constraint. This controversy has been discussed extensively in the literature (e.g. Anderson
& Sarmiento 1994; Falkowski 2000). Broecker and Henderson (1998) challenged the
paradigm of N/P = 16 being a biological constraint by arguing that in order to account for
the interglacial shift in CO2 sequestration under the penultimate glacial period, the N/P
ratio of marine phytoplankton had to be 50 % higher (N/P = 25:1) and invokedplasticity in
intra- and interspecific stoichiometry to substantiate this hypothesis. The discussion led to
a comprehensive revision of the implications of the Redfield ratio which, eventually, led to
a paradigm shift where the Redfield ratio could not be associated with any physiological or
biochemical constraints on the elemental composition of phytoplankton and with no
biological basis apart being the current global average in phytoplankton stoichiometry
(Geider & La Roche 2002; Klausmeier et al. 2004). Under the current paradigm, the
Redfield ratio of N/P = 16 represents an equilibrium between species-specific traits where
the correlation between organism composition and the deep sea ratio, as well as the longterm deep sea N/P ratio are maintained by buffering effects such as nitrogen fixation
(Capone et al. 1997; Tyrell 1999; Gruber & Sarmiento 1997) and denitrification/annomox
processes (Gruber & Sarmiento 1997; Devol 2003; Kuypers et al. 2003).
one nutrient is depleted (e.g. a change from diatoms to (dino-)flagellates when silicate ecomes
depleted) and, at least one study, has shown Liebig’s law of the minimum does not always
scale up to communities (Danger et al. 2008).
Thus, in a meta-analysis of N, P and Fe enrichment experiments, Downing et al. (1999)
found N to be limiting in near shore polluted waters and P and Fe to be limiting in pristine
open ocean waters and speculated that P limitation in the open ocean had been underestimated
due to most P enrichment experiments being performed in polluted near shore waters (i.e.
high P concentrations). Similarly, in a meta-analysis of N and P enrichment experiments
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comprising marine, freshwater and terrestrial ecosystems, Elser et al. (2007) found strikingly
similar patterns between ecosystems with both N and P enrichment augmenting primary
production. Marine ecosystems deviated from the other ecosystems by showing a stronger
response to N enrichment versus P enrichments. However, the authors noted that, as most
marine stations were of coastal origin where waters were heavily influenced by P-rich
sources, the effect of N enrichment could be overestimated (Elser et al. 2007).
The results of Downing et al. (1999) and Elser et al. (2007) clearly showed an increased
production response with the addition of either N or P on a macroecological scale,
highlighting the importance of P limitation and, thus, contesting the paradigm of primary N
limitation in the ocean. Furthermore, the results in Elser et al. (2007) also showed an
additional large production response when both N and P were added simultaneously,
indicating a strong synergistic effect of N and P enrichment. The question thus arose as to
whether communities are limited by single nutrients or whether different parts of the
community could be limited by different nutrients at the same time resulting in co-limitation
at the community level? (Saito et al. 2008 for definitions; see Harpole et al. 2011). This
question, as well as the strong synergistic effects of simultaneous N and P enrichment, led
Harpole et al. (2011) to re-analyze a subset of the data collected in Elser et al. (2007) and to
find synergistic effects of N and P addition in more than half of the experiments and evidence
of strict co-limitation of both N and P in 28 % of the studies (meaning that both N, P and N+P
addition would augment the community biomass).
Thus, in the last decade, the simple view of single nutrient limitation has been replaced
by an emerging paradigm of multiple nutrient co-limitation where several nutrients
simultaneously can limit phytoplankton growth in the ocean. Several mechanisms for this
have been described, ranging in scale from the biochemical level (biochemical substitution
co-limitation and biochemical dependent co-limitation (Saito et al. 2008)) to the community
level (simultaneous co-limitation and independent co-limitation (Harpole et al. 2011)).
Although Harpole et al. (2011) is the only macroecological study conducted so far, other
studies provide regional evidence of community co-limitation of N and P in the Baltic Sea
(Lagus et al. 2004; Seppälä et al. 1999) and in the eastern Mediterranean Sea (Zohary et al.
2005), P and Fe in the tropical North Atlantic (Mills et al. 2004) and P and Si in the South
China Sea (Yin et al. 2001) (review in Arrigo 2005; Beardall et al. 2001).
Phytoplankton size and community size structure
Phytoplankton size is an important ecological trait capable of influencing nutrient acquisition
(Kiørboe 1993; Tilman et al. 1982), metabolic rates (Brown et al. 2004; Gillooly et al. 2001;
Moisan et al. 2002), evolution (Quigg et al. 2003; Finkel et al. 2005; Finkel et al. 2007), food
web structure (Laws et al. 2000; Irwin et al. 2006; Petchey et al. 2008) and biochemical
cycling (Sterner & Elser 2002). Furthermore, phytoplankton size structure influences carbon
cycling and the biological pump and through that the global carbon cycle (Hilligsøe et al.
2011; Laws et al. 2000; Michaels & Silver 1988). Understanding the mechanisms controlling
phytoplankton size and phytoplankton size structure are, thus, of crucial importance for
predicting the effect of climate change in the future.

24

Figure 2: Macroecological relationships between phytoplankton size and phytoplankton total
biomass: A) chlorophyll a originating from phytoplankton larger than 10 µm vs. total
chlorophyll a and B) the fraction of chlorophyll a originating from phytoplankton larger than
10 µm in relation to total chlorophyll a vs. total chlorophyll a. The black line represents the
results from a linear regression analysys; r represents the Pearson correlation coefficient.
Data are from the Galathea 3 circumnavigating expedition (see appendix 2; fig. S1).
Several large scale patterns in phytoplankton size structure have been recognized. First
of all, there are many more small phytoplankton than large ones (Li 2009). Although this
observation seems trivial, it has proven a powerful concept when formalized as the crosscommunity scaling relationship (CCSR) (White et al. 2007). The CCSR states that the total
community abundance (N) is inversely related to average organism biomass (M). Thus, N will
decrease with increasing M as N = B/M, where B is total biomass (Li 2009; see also Irwin et
al. 2006). From this, we can also see that M will increase with increasing B if N is held
constant. The second general pattern in the ocean is, thus, a general positive relationship
between phytoplankton total biomass and phytoplankton community mean size (fig. 2)
(Irigoien et al. 2004) where large cells are often found when biomass is high (e.g. spring
blooms) (Chisholm 1992; Cermeño et al. 2006).
Phytoplankton size classes are, thus, not equally distributed on a macroecological scale.
Due to the positive relationship between phytoplankton size and phytoplankton biomass,
phytoplankton size classes generally follow the same global pattern as total biomass
(chlorophyll a) and NPP (fig. 1). Correspondingly, in the low latitude central gyres, the
phytoplankton community is generally dominated by small picophytoplankton (< 2µm)
whereas larger phytoplankton are associated with coastal, upwelling or seasonally stratified
high latitude regions (Falkowski et al. 1998). This pattern is supported when patterns in
phytoplankton community size composition from the Atlantic Ocean are statistically
extrapolated to the rest of the world’s oceans (Acevedo-Trejos et al. 2013).
These overall patterns are, as is the case of total biomass and NPP, primarily controlled
by the availability of limiting nutrients. Although predation can have important effects on
both biomass and size at the local scale, it is generally considered as playing a secondary role
controlling phytoplankton dynamics at the global scale (Kiørboe 1997; Fuhrman 1999). The
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mechanisms linking phytoplankton community size structure and nutrient availability are
primarily associated with competitive differences in surface-to-volume ratio and the thickness
of the diffusion boundary layer (Tilman et al. 1982; Kiørboe 1993). Thus, maximum cell
volume-specific uptake (U/V) can be calculated as (see Kiørboe 1993, for a derivation):
𝑈/𝑉 =

3𝐷 × 𝐶
𝑟2

Where D is the coefficient of diffusion, C is the ambient nutrient concentration well away
from the cell and r is the phytoplankton cell radius. From this equation, is becomes clear why
small species (having a small r) have a competitive advantage over large cells at low nutrient
concentrations and this also offers an explanation for their dominance in the open ocean
oligotrophic central gyres (Irwin et al. 2006; Li 2009; Chisholm 1992). In this case, nutrient
limitation refers to growth rate limitation, where the best competitor for a limiting nutrient
will be able to maintain a high growth rate in relation to other competitors. This will enable
the species to exploit the limiting nutrient, in theory leading to competitive exclusion of other
species (Tilman 1982). As nutrient concentrations (C) increase, the competitive advantage of
being small lessens, explaining why large cells usually only occur in areas with high nutrient
concentrations (Chisholm 1992; Cermeño et al. 2006; Finkel et al. 2010).
Temperature and phytoplankton size
Interestingly, as nutrient availability in the open ocean is controlled by temperature induced
thermal stratification (Kamykowski & Zentara 1986; Behrenfeld et al. 2006; Genin et al.
1995), phytoplankton size - which is positively correlated with nutrient availability - is also
generally negatively correlated with temperature. This has been shown at the spatial scale in
the open ocean (Morán et al. 2010; Hilligsøe et al. 2011) and in lakes (Winder et al. 2009) and
at the temporal scale through the Cenozoic for both diatoms and dinoflagellates (Finkel et al.
2005; Finkel et al. 2007). As the metabolic rate of phytoplankton is affected by both
temperature and cell size (Gillooly et al. 2001) with the Q10 being 1.88 (Eppley 1972),
temperature could also, at least in part, explain the macroecological distribution pattern of
phytoplankton size.
All things being equal, an increasing temperature will increase the metabolic rate and,
thus, the amount of nutrient required to sustain the same growth rate (Finkel et al. 2010). This
would lead to increased nutrient competition which would reduce community mean size
through the same mechanisms described for decreasing nutrient availability (fig. 3) (Tilman et
al. 1982; Kiørboe 1993; Daufresne et al. 2009). The literature on temperature size
relationships is substantial, starting with Bergmann who in 1847 observed that warm regions
tended to be inhabited by small sized (endothermic) species (in Daufresne et al. 2009), a
pattern now known as Bergmann’s rule (Blackburn et al. 1999). Other size rules have been
proposed (see Daufresne et al. 2009; Finkel et al. 2010; Sheridan & Bickford 2011) but, for
unicellular protists (including phytoplankton), the Temperature-Size-Rule (TSR) refers to
Atkinson (1994) who proposed decreasing cell size with increasing temperature as a general
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Figure 3: Simple pathway diagram of the potential effect of increased temperature on
community mean size through increasing metabolism (upper left pathway) and through
decreased nutrient availability (lower left pathway). Increased completion can result in
community size changes at the intra-specific scale (upper right pathway) and inter-specific
scale (lower right partway) (see Daufresne et al. 2009, for a review)
rule for ectotherms. Hence, in meta-analysis, Atkinson et al. (2003) found a cell size reduction
in aquatic protists of ca. 2.5 % for each 1 ºC increase which could be attributed to phenotypic
plasticity and which did not differ across taxa, habitats or modes of nutrition.
This potential direct effect of temperature has long been recognized but has generally
been ignored because it was believed to be too small to have a significant impact in real
ecosystems (de Baar 1994; Marañón et al. 2012) and focus has, instead, been on nutrient
availability and/or predation (Winder et al. 2009; Armstrong 1994). In the last decade
however, this paradigm has been challenged in several studies. In the open ocean, Morán et
al. (2010) used an extended version of the temperature-size-rule together with the CCSR
(White et al. 2007) to explain the increasing importance of small cells with increasing
temperature. In their study, they found that 73 % of the variance in the relative contribution of
picophytoplankton to total phytoplankton biomass could be explained by temperature,
regardless of the inorganic nutrient load. In a global investigation of the macroecological
patterns of phytoplankton community size structure, Hilligsøe et al. (2011) reported an
increase in the relative importance of large phytoplankton with increasing nutrient availability
and a concomitant decrease in the relative importance of large phytoplankton with increasing
temperature. By analyzing the co-variance, they concluded that a direct effect of temperature
on phytoplankton community size structure could not be excluded.
Furthermore, in a mesocosm experiment investigating the effect of light and
temperature on the timing, magnitude and composition of the phytoplankton spring bloom,
Sommer and Lengfellner (2008) found a negative relationship between temperature and mean
cell size and reported a decrease in the proportion of large diatoms in the community with
increasing temperature. In a similar mesocosm experiment investigating the interactive effects
of temperature increase and grazing, Peter and Sommer (2012) found a four-fold decrease in
cell size for each order of magnitude increase in temperature. This is a much stronger
response than that found by Atkinson et al. (2003) and Peter and Sommer (2012) concluded
that the effect of temperature on community size structure was higher than that of grazing. In
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a third mesocosm study, Yvon-Durocher et al. (2011) investigated the effect of temperature
on the size spectrum of phytoplankton and found a shift towards smaller species with
increasing temperature. In a redundancy analysis of the phytoplankton taxonomic
composition, they found the warming treatment to be a significant predictor. In contrast,
inorganic nutrient concentrations were not significantly correlated with taxonomic
composition.
Despite of these results, other researchers have found contrasting patterns indicating
less dependency of phytoplankton size on temperature. Thus, in a macroecological metaanalysis, Marañón et al. (2012) found that phytoplankton size structure was controlled by
resource availability (using primary productivity as a proxy for resources), with only a minor
temperature effect and concluded that no universal effect of temperature increase could be
anticipated. In addition, Finkel et al. (2005; 2007), found a negative correlation between
diatom and dinoflagellate size and the thermal gradient but not with surface temperature
indicating that a decrease in nutrient availability caused by thermal stratification, and not
temperature itself, was responsible for these patterns. Furthermore, several species (Atkinson
1995; Peter & Sommer 2012) and even groups (Adams et al. 2013) have been reported to
show patterns contrasting the TSR.
A large part of this PhD study has been to investigate potential direct and indirect
effects of temperature on the macroecological scale and the results obtained generally support
their being a universal effect of temperature on community size (Mousing, Ellegaard, et al.
2013). The results of Marañón et al. (2012) and Finkel et al. (2005; 2007) are thoroughly
discussed in the research chapters (Manuscript I and II) and will not be further discussed here.

PhD project objectives
The aim of this PhD study was to investigate and describe macroecological patterns in the
distribution and diversity of phytoplankton in the ocean in order to elucidate the major
ecological processes that control these patterns. In particular, the focus has been to test the
hypotheses: I that temperature has a direct effect on the size distribution of marine
phytoplankton, and II that availability of individual nutrients of nitrogen, phosphorus and
silicate as well as the relative availability (i.e. elemental stoichiometry) all play important
controlling roles at the global scale. In addition to these overall objectives, the obtained
results are considered in the perspective of a changing world trying to understand how climate
change and, in particular, ocean warming can be expected to affect the distribution of
phytoplankton in the future.
I have addressed these questions using several data sets representing different spatial
and temporal scales. The primary data set used in this study originates from the
circumnavigating Galathea 3 expedition in 2006-2007, where samples were collected in most
major regions of the world’s oceans (see Hilligsøe et al. 2011). In addition to this, I have used
data from more confined data sets from the North Atlantic collected in 2008 (see Hilligsøe et
al. 2011; Rynearson et al. 2013) as well as from two sediment cores collected in the Black Sea
in 2007 (see Mousing, Andersen, et al. 2013) and in the Disko Bay in Greenland (see Ribeiro
et al. 2011). A very large number of statistical methods have been applied to investigate the
data and to address the research questions. Therefore, a large part of my PhD study has been
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devoted to obtaining the necessary statistical skills to address the research questions.
Individual methods are described in the research chapters where they are used but the use of
the information-theoretic approach as well as multi-model inference described in Burnham
and Anderson’s book (2002), deserves to be highlighted, as these approaches have proven to
be very powerful and fruitful during my PhD project.
The use of the Akaike Information Criterion and the associated Akaike weights, in my
opinion, presents the opportunity to reduce both Type I and Type II errors: Type I errors
because all ecological data, and especially large scale data, show dependency between
observations, which can inflate the p-value and result in rejection of the null-hypothesis when
in should have been accepted; and Type II errors because a p-value approach will often result
in one conclusion even when several candidate models are equally good descriptors of a
system, de-facto resulting in the acceptance of the null-hypothesis for some models where it
should have been rejected.
In addition to this overall introduction, the thesis consists of five research chapters,
presented as scientific manuscript, reporting the major findings of the PhD project:
Manuscript I investigates the importance of direct and indirect effects of temperature on the
global scale; It has been accepted for publication in Marine Ecology Progress Series.
Manuscript II investigates and discusses changes in the mean cyst size of dinoflagellates in
relation to temperature changes during the Little Ice Age and the Medieval Climate Anomaly.
Manuscript III investigates large scale, as well as regional, patterns in phytoplankton biomass
and size structure in relation to both total and relative concentrations of dissolved inorganic
nitrogen, phosphate and silicate and discusses these patterns within the concepts of nutrient
competition and co-limitation; It is planned to submit this manuscript to Journal of Ecology.
Manuscript IV investigates the dissolution state of silicate using protists in the last 100 years
in the Black Sea and relates the results to the importance of silica recycling; It is planned to
submit this manuscript to Estuarine, Coastal and Shelf Science. Manuscript V investigates
small scale heterogeneity in the species composition and diversity of phytoplankton in the
North Atlantic spring bloom and relates the patterns to changes in the environment factors:
This manuscript will be submitted to Journal of Plankton Research.

Main findings and perspectives
Temperature directly influences phytoplankton community size structure
Until recently, temperature has been thought to influence phytoplankton community size
structure on the global scale only indirectly by restricting the nutrient flux from the deep
water to the euphotic zone (Marañón et al. 2012; e.g. Behrenfeld et al. 2006). Several authors
have, however, suggested a universal direct effect of temperature (Morán et al. 2010;
Hilligsøe et al. 2011), but their conclusions have been complicated by the strong correlation
between temperature and nutrient availability in the ocean (Kamykowski & Zentara 1986).
In manuscript I, entitled “Global patterns in phytoplankton community size structure –
evidence for a direct temperature effect”, we investigate macroecological patterns in
phytoplankton community size structure in relation to temperature and nutrient concentrations
of nitrogen and phosphorus. We show that the fraction of large cells in the community is
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negatively correlated with temperature and positively correlated with nutrient availability, in
accordance with the expected macroecological patterns. Using a suite of statistical techniques,
we empirically demonstrate that temperature has both a nutrient-independent effect and a
nutrient-shared effect, the latter indicating an indirect effect of temperature on nutrient
availability through thermally induced stratification. We show that the direct effect of
temperature is responsible for about 8 % of the variation in the global phytoplankton
community size structure and that the magnitude of the effect (i.e. the regression slopes) is the
same in all ocean regions investigated.
The manuscript, which has been accepted for publication in Marine Ecology Progress
Series, will hopefully contribute to closure of the discussion on whether temperature has a
direct effect on phytoplankton size or not. As of now, a direct temperature effect on
phytoplankton size is usually not considered when modeling their distributions. This could
lead to underestimation of the effect of temperature on the carbon sink in a warming ocean.
Further research should be directed at quantifying the effect in order to be able to include it in
process-based modeling. Special focus should be directed at on how we scale up from
laboratory studies conducted on the intra-specific scale to the interspecific scale (e.g. Irwin et
al. 2006) and from mesocosm experiments to natural systems.
The past is the key to the future
Long time series are rare in marine ecology and data are often noisy (Halley 1996). Therefore,
in order to relate phytoplankton traits to changes in the environment, researchers often apply
space-for-time substitution (Pickett 1989). For example, to understand how increasing
temperature will affect phytoplankton size structure in the future, phytoplankton size structure
can be investigated over a large range of temperatures in contemporary space and the changes,
or the implications of these changes, are afterwards projected into the temporal space (Winder
et al. 2009; Daufresne et al. 2009; Morán et al. 2010). However, projecting spatial changes
into the temporal space has the obvious limitation that the projection cannot be verified.
In manuscript II, entitled “Using sediment records to test the impact of temperature on
marine protest cell size through time at the species and community level”, we attempt to
mitigate this limitation by investigating changes in dinoflagellate cyst size with changing
temperature in a sediment core under the assumption that similar changes as those projected
into the future should exist for communities in the past. We found a significant increase in
cyst size with increasing temperature at both the species and community level, generally
supporting the validity of space-for-time substitution.
Other researchers have investigated cell size changes in sediments cores (Finkel et al.
2005; Finkel et al. 2007; Chen et al. 2011) but size changes in these studies have all been
based on literature values and have, therefore, been restricted to changes occurring at the
community level. In our study, we demonstrate that cell size changes at the community level
are much larger when intraspecific changes in cell size are included, indicating that using
literature values will lead to systematic underestimation of cell size changes in the sediment.
Further studies should, therefore, be focused on the intraspecific scale. In addition, several
species showed promise as independent proxies for paleotemperature which could be
developed and used to reconstruct temperature at the local or regional scale.
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Strengthening the multi-nutrient co-limitation paradigm
For many decades, single nutrient limitation derived from Liebig’s law of the minimum has
dominated how marine scientists view phytoplankton ecology (de Baar 1994; Arrigo 2005).
This paradigm has been questioned by a series of recent studies where multiple nutrients have
been shown to be simultaneously limiting for phytoplankton growth in various regions of the
world’s oceans (e.g. Harpole et al. 2011; Zohary et al. 2005; Mills et al. 2004). Despite a large
number of enrichment experiments (see Downing et al. 1999; Elser et al. 2007), the extent of
multi-nutrient co-limitation is still largely unknown in the open ocean.
In manuscript III, entitled “Macroecological patterns in phytoplankton biomass and
community size structure in relation to ambient inorganic macronutrients and the N/P ratio”,
we investigate global and regional patterns in total biomass and phytoplankton community
size structure in relation to ambient concentrations of inorganic nitrogen, phosphate, silicate,
and the N/P ratio. The macroecological patterns show an increase in total biomass at low and
intermediate concentrations of nitrogen and phosphate and an increase in the fraction of large
phytoplankton in the community with increasing nutrient concentrations of nitrogen and
phosphate over the entire range measured. Using various statistical techniques, we show that
all nutrients measured as well as the N/P ratio, are significant predictors of both
phytoplankton total biomass and community size structure, strongly indicating that no single
nutrient can be considered the primary limiting nutrient in the ocean at the global scale.
We also show that both phytoplankton total biomass and the fraction of large
phytoplankton in the community are elevated at N/P ratios from 8 to 16, indicating synergetic
effects and possible co-limitation of nitrogen and phosphate and that nutrient ratios play an
important role in controlling both phytoplankton biomass and community composition.
Furthermore, regional analyses supported the global analysis, showing different nutrients as
being controlling in different regions and with strong evidence of multi-nutrient co-limitation
of both phytoplankton total biomass and community size structure.
Silica recycling – resolving a discrepancy in the Black Sea
In this PhD study, I mainly work on ambient nutrient concentrations as a proxy for nutrient
availability (Kiørboe 1993) and the effect of temperature on availability through its effect on
water column stratification (Kamykowski & Zentara 1986). However, in the open ocean,
regenerated nutrients are often more important for phytoplankton growth than those newly
introduced into the water column (i.e. the f-ratio is most often below 0.5). Silica recycling as a
mechanism to support diatom production seems to be particularly important because the
supply of dissolved silicate, in many parts of the world’s oceans is very restricted (Ragueneau
et al. 2010; Tréguer & De La Rocha 2013).
The Black Sea has seen subject to human induced nitrogen and phosphate enrichment
since the late 1960s which has resulted in increased eutrophication all over the basin
(Humborg et al. 1997; Mousing, Andersen, et al. 2013; Yunev et al. 2005). In the same
period, the input and inventory of dissolved silicate in surface waters decreased (Cociasu et al.
1996), and changes in the species composition towards non-diatom groups were interpreted as
a direct results of this decrease (Humborg et al. 1997). Interestingly, however, dissolved
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silicate was shown to increase in the deep ocean creating a discrepancy between input and
ambient concentrations (Konovalov & Murray 2001), indicating that another source of silica
should exist.
In manuscript IV, entitled “Evidence of intense biogenic silica recycling in the Black
Sea after 1970”, we investigate the dissolution state of silica using protists in a sediment core
in the last 100 years. We present evidence that silica-using protists decrease in their
dissolution stage after 1970 indicating that less biogenic silica has reached the Black Sea
sediment floor after 1970. We interpret this change as evidence of increasing silica recycling.
Furthermore, we argue that silica-using protists were probably not as limited by the
decreasing silicate input as has been argued by other authors and that the patterns observed
after 1970 were probably caused by an increase in nitrogen input.
Our hypothesis accounts for the discrepancy between decreasing input and
concentrations of silicate in the surface ocean and increasing silicate in the deep sea and can
incorporate all major biological and biochemical patterns presented for the Black Sea. The
dominance of diatoms are said to be limited at concentrations lower than 2 µm (Egge &
Aksnes 1992) but other studies have found diatoms to be dominating at even lower
concentrations (e.g. Rynearson et al. 2013). Future studies should investigate the role of silica
recycling, especially under blooming conditions.
Towards a better understand of small scale phytoplankton community dynamics
The spring bloom in the North Atlantic Ocean can occur regionally due to seasonally induced
thermal stratification leading to the stabilization of the mixed layer above the critical depth
and/or other processes including patches initiated by eddy-driven slumping of the basin-scale
north-south density gradient (Mahadevan et al. 2012). Phytoplankton community succession
during and after the spring bloom usually follows the same pattern where diatoms are
replaced by dinoflagellates and, later, other flagellated taxa (Barlow et al. 1992; Lochte et al.
1993). Despite this overall pattern, very little is known about what controls small scale spatial
and temporal heterogeneity in phytoplankton species composition during the spring bloom,
itself.
In manuscript V, entitled “Factors controlling small scale spatial and temporal
heterogeneity in phytoplankton species composition in the North Atlantic spring bloom”, we
investigate changes in phytoplankton community composition during the spring bloom in
2008. Species assemblages divided into two groups, each associated with specific salinity
characteristics which corresponded with the patches formed by eddy-driven stratification
identified by Mahadevan et al. (2012). Using a suit of recently developed statistical methods,
we demonstrate that beta-diversity correlates with time inside patches and space outside
patches, indicating that communities in the patch group probably developed from a similar
starting population whereas communities outside were probably independent from each other.
Although diatoms dominated both outside and inside the patch group, we show that different
species dominate with Chaetoceros spp. being the dominant genus in the patch group and
Cerataulina pelagica being the dominant species outside. We also show that nutrient
concentrations were of only minor importance for the distribution of the dominating taxa both
within the patch group and outside.
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Abstract
In this study, a global data set on size-fractionated chlorophyll distributions collected in the
open ocean (depth > 400 m) is used to investigate phytoplankton community size structure in
relation to temperature and inorganic nutrient availability in an attempt to identify the
individual and shared effects of these two factors. The macroecological patterns show an
increase in the fraction of large phytoplankton with increasing nutrient availability and a
decrease with increasing temperature. We empirically demonstrate that temperature has both a
nutrient-independent effect and a nutrient-shared effect on phytoplankton community size
structure. We argue that the nutrient-independent effect is likely a direct effect of temperature
whereas the nutrient-shared may be an indirect effect of temperature (where thermal
stratification influences the introduction of nutrients to surface waters). When regional
differences in the average contribution of large cells were accounted for, the nutrientindependent effect of temperature explained 8 % of the variation in phytoplankton community
size structure compared to 23 % being explained by the nutrient-shared effect. The results
suggest that the relationship between phytoplankton community size structure and
temperature change is the same in all ocean regions and leads to a decrease in the relative
contribution of large cells in the community as temperature increases regardless of ambient
nutrient availability. As phytoplankton size is an important factor influencing carbon transport
to the deep ocean, it is important to incorporate any possible direct temperature effect on
phytoplankton community size composition in models addressing carbon flow and
metabolism in a warming ocean.
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Introduction
Phytoplankton size is a fundamental biological trait that influences community size structure
(Petchey et al. 2008) as well as many physiological and ecological processes (e.g. metabolic
rates, nutrient acquisition, sinking rates, grazing etc.), at the species, population and
community scale (Petchey et al. 2008; Reuman et al. 2008; Brown et al. 2004). Phytoplankton
community size structure, in turn, influences carbon cycling in the ocean and, thereby, the
global carbon cycle (Hilligsøe et al. 2011; Laws et al. 2000; Michaels & Silver 1988).
Understanding the mechanisms controlling phytoplankton community size structure and how
size structure may interact with climate change is, thus, imperative for predicting future ocean
function.
Phytoplankton community size structure has been shown to change with temperature,
with the importance of small cells in the community increasing with temperature, both
temporally (Winder et al. 2009; Finkel et al. 2005; Finkel et al. 2007) and spatially in the
ocean (Hilligsøe et al. 2011; Morán et al. 2010; Daufresne et al. 2009), in mesocosm
experiments (Peter & Sommer 2012; Yvon-Durocher et al. 2011; Sommer & Lengfellner
2008) and in microcosm experiments (Peter & Sommer 2012). Furthermore, the body size of
ectotherms is known to decrease with increasing temperature. This is referred to as the
temperature-size-rule (Atkinson 1994). Hence, in a meta-analysis of laboratory studies,
Atkinson et al. (2003) found a cell size reduction in aquatic protists of ca. 2.5 % for each 1 ºC
increase which did not differ across taxa, habitats or modes of nutrition. Peter and Sommer
(2012) recently reported that the decrease in cell size was much larger than that found by
Atkinson et al. (2003) when natural assemblages were investigated and concluded that this
was due to genetic variability within species.
Despite this consistent pattern, researchers have so far failed to reach consensus on the
pathways by which temperature mitigates this temperature-size pattern. This is because of the
negative relationship between temperature and nutrient availability in the open ocean
(Behrenfeld et al. 2006; Li 1998; Kamykowski & Zentara 1986) which makes it difficult to
discern and quantify the individual effects of these factors on phytoplankton community size
structure. Although a few studies have hinted at a direct effect of temperature on community
size structure in nature (e.g. Hilligsøe et al. 2011; Morán et al. 2010), the current paradigm
still states that there is no significant direct effect of temperature on phytoplankton
community size structure and the temperature-size relationship is, therefore, usually explained
as an indirect effect, i.e. through the development of stratification and its resulting influence
on nutrient availability (e.g. Marañón et al. 2012; Finkel et al. 2005; Finkel et al. 2007).
Regardless of the current paradigm, there are at least two non-exclusive mechanisms
whereby temperature might directly affect phytoplankton community size structure. Firstly,
metabolic rates are correlated with both temperature and cell size (Gillooly et al. 2001) with
Q10 = 1.88 for phytoplankton over a moderate range of temperatures (Eppley 1972). All things
being equal, an increasing metabolic rate will increase resource demand and, thereby,
competition for nutrients. This might give smaller species an advantage due to a smaller
diffusion boundary layer and a large surface to volume ratio (Kiørboe 1993; Tilman et al.
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1982). In support of a temperature effect on competitive exclusion, Hillebrand (2011) found
that increasing temperature would accelerate competitive displacement and alter the species
composition in benthic microalgae, indicating that warming might influence outcome and
temporal dynamics in species interactions. The mechanism hypothesized here, i.e. increased
intra- and interspecific competition for limiting resources, is the same as that in the usually
adopted assumption that the temperature effect on phytoplankton community size structure is
indirect and operates through thermal stratification and a resulting decrease in nutrient
availability. In other words, both increasing cellular nutrient requirements (i.e. increasing
metabolic rates as a function of temperature) and a decrease in the concentration of nutrients
in the euphotic zone (through stratification) can be predicted to result in increasing resource
competition and a smaller community mean cell size.
The second mechanism through which temperature may be predicted to influence
phytoplankton community size structure is through a change in the relative demand for
nutrients by different organism groups. Temperature changes affect the maximum growth rate
of photoautotrophs and heterotrophs differently, with the response being stronger for
heterotrophs (Rose & Caron 2007). Increasing temperature might, therefore, increase resource
competition between autotrophic and heterotrophic organisms and increase the ability of
herbivorous protists to exercise top-down control on specific size classes within the
phytoplankton community, thereby influencing community size structure.
In the light of the increasing temperatures being recorded in the world's oceans, it is
important to understand the mechanism(s) of interaction between temperature and
phytoplankton community size structure. We therefore, in this study, analyze global patterns
of phytoplankton community size structure in relation to temperature and inorganic nutrient
availability in an attempt to disentangle the individual effects of these two factors. To do this,
we re-examine data presented in Hilligsøe et al. (2011), taking into account the limitations set
by spatial dependence (autocorrelation). The focus of this effort is to identify and quantify the
relative importance of a potential direct effect in relation to the nutrient-shared effect of
temperature and to assess whether the effect of increasing temperature can be considered
universal, as such an effect could have profound implications for modeling projected effects
of global change.

Materials and methods
Hydrology and sampling
Samples used in this study were collected during the circumnavigating Galathea 3 expedition
on HDMS Vædderen carried out in 2006-2007 and on a cruise with RV Dana in August 2008
in the Northern Atlantic (table 1). Conductivity, temperature and depth were measured using a
Seabird instruments 911 system. The instruments were attached to a rosette of 12 Niskin
bottles (30 l). Only stations with water depths greater than 400 meters were used in the
analysis, in order to restrict the possible influence of anthropogenic activities (i.e.
eutrophication and changed N/P/Si ratios) on phytoplankton community size structure.
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Latitude
(dec. deg.)
1
61.391
2
62.038
3
62.165
4
62.516
5
60.230
6
65.835
7
66.905
8
62.110
9
53.783
10
40.692
11
38.004
12
33.768
13
23.079
14
12.206
15
1.627
16
4.741
17
-4.932
18
-7.430
19
-12.512
20
-27.885
21
-38.486
22
-39.564
23
-37.259
24
-31.406
25
-29.582
26
-24.468
27
-34.380
28
-33.497
29
-35.174
30
-37.295
31
-42.572
32
-37.921
33
-31.515
34
-14.213
35
-10.702
36
-10.179
37
-7.824
38
-29.046
39
-36.003
40
-49.695
41
-55.636
Continued on next page…
Station

Longitude
(dec. deg.)
-3.443
-9.996
-16.573
-33.309
-48.467
-56.565
-53.289
-50.977
-38.384
-28.814
-27.000
-25.415
-24.052
-21.023
-10.524
-0.331
4.483
5.552
7.807
14.656
31.715
42.746
72.507
91.178
95.249
105.236
114.411
128.393
132.617
139.673
149.667
151.140
153.412
156.859
157.482
157.594
156.069
164.427
170.860
178.877
167.539

Sampling date
(yyyy/mm/dd)
2006/08/16
2006/08/18
2006/08/18
2006/08/20
2006/08/26
2006/08/31
2006/09/04
2006/09/12
2006/09/14
2006/09/16
2006/09/17
2006/09/22
2006/09/24
2006/09/26
2006/09/29
2006/10/02
2006/10/08
2006/10/09
2006/10/10
2006/10/13
2006/10/21
2006/10/23
2006/10/27
2006/10/30
2006/10/31
2006/11/02
2006/11/24
2006/11/29
2006/12/03
2006/12/04
2006/12/05
2006/12/09
2006/12/14
2006/12/18
2006/12/20
2006/12/21
2006/12/27
2007/01/07
2007/01/05
2007/01/12
2007/01/14
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Ocean region
North-eastern Atlantic
North-eastern Atlantic
North-eastern Atlantic
North-eastern Atlantic
North-western Atlantic
North-western Atlantic
North-western Atlantic
North-western Atlantic
North-western Atlantic
North-eastern Atlantic
North-eastern Atlantic
North-eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Eastern Atlantic
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Indian Ocean Sector
Western Pacific
Western Pacific
Western Pacific
Western Pacific
Western Pacific
Western Pacific
Western Pacific
Western Pacific
Western Pacific
Southern Ocean
Southern Ocean

Latitude
(dec. deg.)
42
-61.827
43
-64.583
44
-66.590
45
-67.278
46
-63.902
47
-62.965
48
-62.319
49
-58.802
50
-57.928
51
-38.105
52
-29.286
53
-26.304
54
-20.057
55
-17.086
56
-13.872
57
-14.163
58
-5.254
59
0.009
60
5.330
61
6.665
62
10.700
63
17.025
64
19.000
65
22.044
66
26.501
67
27.660
68
28.502
69
26.501
70
25.003
71
24.991
72
27.030
73
28.993
74
32.508
75
44.334
76
44.328
77
44.395
78
53.490
79
56.186
80
62.633
81
62.621
Continued on next page…
Station

Longitude
(dec. deg.)
150.931
-132.385
-108.931
-83.020
-61.633
-58.050
-57.748
-60.900
-61.870
-74.125
-71.883
-71.262
-70.755
-72.419
-76.804
-77.429
-81.578
-85.450
-84.115
-80.997
-79.026
-67.794
-63.999
-64.005
-64.001
-63.997
-67.004
-66.998
-67.002
-69.997
-70.090
-69.997
-70.027
-56.176
-48.958
-47.444
-23.331
-15.234
-40.510
-37.892

Sampling date
(yyyy/mm/dd)
2007/01/16
2007/01/18
2007/01/20
2007/01/22
2007/01/27
2007/01/29
2007/01/30
2007/01/30
2007/01/31
2007/02/07
2007/02/12
2007/02/12
2007/02/17
2007/02/18
2007/02/22
2007/02/24
2007/03/01
2007/03/03
2007/03/09
2007/03/10
2007/03/12
2007/03/14
2007/03/29
2007/03/30
2007/04/01
2007/04/02
2007/04/03
2007/04/04
2007/04/05
2007/04/06
2007/04/07
2007/04/08
2007/04/09
2007/04/16
2007/04/17
2007/04/18
2007/04/21
2007/04/22
2008/08/06
2008/08/07
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Ocean region
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Eastern Pacific
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
Western Atlantic
North-eastern Atlantic
North-eastern Atlantic
North-western Atlantic
North-western Atlantic

Latitude
Longitude
Sampling date
Ocean region
(dec. deg.)
(dec. deg.)
(yyyy/mm/dd)
82
62.560
-35.239
2008/08/07
North-western Atlantic
83
62.515
-32.680
2008/08/08
North-eastern Atlantic
84
62.444
-30.122
2008/08/08
North-eastern Atlantic
85
62.389
-27.524
2008/08/08
North-eastern Atlantic
86
62.340
-24.930
2008/08/09
North-eastern Atlantic
87
62.293
-22.336
2008/08/09
North-eastern Atlantic
88
62.237
-19.729
2008/08/10
North-eastern Atlantic
Table 1: Station coordinates and ocean regions ordered by sampling date.
Station

Chlorophyll a determination and size fractionation
On the Galathea 3 expedition, total chlorophyll a and size fractions of chlorophyll a were
determined in the surface water, the depth of the chlorophyll a maximum (DCM), at standard
sampling depth below the chlorophyll a maximum (1.5 times the depth of the DCM minus 10
meter), and at 30 meters on selected stations. On the Dana 2008 cruise, chlorophyll a and size
fractionated chlorophyll a were determined in the surface water and the depth of the
chlorophyll a maximum. Seawater was tapped from the Niskin bottles and filtered through
Whatman GF/F and 10 µm pore size filters. For each sampling depth and filter size, triplicate
filtrations of 200-500 ml seawater for the GF/F filters and 400-1000 ml seawater for the 10
µm filters were performed. The samples were extracted for a minimum of 6 hours in 5 ml
ethanol (96 %) in the dark at room temperature. The absorbance was measured on a TD-700
fluorometer from Turner Designs, which was calibrated against a pure chlorophyll a standard.
Calculations of chlorophyll a from the absorbance follow method 445.0 by the United States
Environmental Protection Agency. The fraction of phytoplankton larger than 10 µm (in the
following referred to as the fraction of large phytoplankton) was then calculated as the
fraction of chlorophyll a retained on a 10 µm filter divided by the fraction of chlorophyll a
retained on a GF/F filter. Thus, the fraction of large phytoplankton is used in this study as a
proxy for phytoplankton community size structure where an increase in this fraction is
interpreted as an increase in the relative contribution of large phytoplankton cells to the total
phytoplankton biomass.
Inorganic nutrient determination
Seawater was tapped from the Niskin bottles and immediately frozen. Subsequent analyses
were performed on land at the National Environmental Research Institute, University of
Aarhus, Denmark. The samples were filtered through Millipore Millix-GP Hydrophilic PES
0.22 µm filters and analysed for nitrate, nitrite, ammonium and phosphate by wet-chemistry
methods according to Grasshoff et al. (1983) with a SANPLUS System Scalar auto-analyzer.
The detection limits were 0.1, 0.04, 0.3 and 0.06 for nitrate, nitrite, ammonium and
phosphate, respectively.
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Statistical analyses
In total, 260 pair wise observations of the fraction of large phytoplankton and inorganic
nutrient availability were used in this analysis. All statistical analyses were done with the free
software R (R Core Team 2012). In order to investigate the importance of temperature and
inorganic nutrients for explaining the fraction of large phytoplankton, we used bivariate and
multivariate linear modeling. All variables with the exception of temperature were logtransformed to meet model assumptions of linearity, variance homogeneity and residual
normality and the data were fitted using ordinary least square estimation. Offsets used in the
transformation were δTotal inorganic nitrogen = 0.04 and δPhosphate = 0.06 (Hilligsøe et al. 2011).
Models were validated using visual inspection (i.e. investigation of the residual patterns vs.
fitted values and theoretical quantiles).
Spatial dependence was detected but not explicitly accounted for because of the lack of
robustness in the methods available (Mauricio Bini et al. 2009). The lack of independence
between observations is the statistical equivalent of having too many degrees of freedom and
this can result in inflated p-values. We were, therefore, not able to use conventional
hypothesis testing (i.e. null hypothesis significance testing (see Diniz-Filho et al. 2008;
Stephens et al. 2007)) to infer statistical significance. Instead, hypothesis testing was based on
the Akaike information criterion (AIC) (Burnham & Anderson 2002). AIC estimates the
amount of information lost by using a given model to explain reality in relation to the
underlying process. It is calculated as AIC = 2k - 2ln(L), where k is the number of parameters
and L is the maximized value of the likelihood function for the estimated model and, thus,
describes the trade-off between model complexity (k) and accuracy (L). When comparing the
AIC of several candidate models explaining the same response variable, the model with the
lowest AIC will be the most parsimonious model with the minimum loss of information. In
this manner, it is possible to investigate the statistical significance of adding additional
parameters to a model by comparing the multivariate model with its nested model. By using
this approach instead of null hypothesis significance testing, p-values become superfluous and
we circumvent the potential influence of spatial dependence on the p-values (Stephens et al.
2007; Richards 2005). To test the statistical importance of the differences in AIC (delta AIC;
Δi), we calculated the Akaike weight (wi) which is the estimated probability that a given
model, within the range of candidate models, is the best model for the data (Burnham &
Anderson 2002; Richards 2005).
In order to discern and investigate the potential direct and indirect effects of
temperature, two analyses were implemented. Firstly, variance partitioning (Legendre &
Legendre 1998) was performed on the multivariate linear regression model of the fraction of
large phytoplankton vs. temperature and nutrient availability as well as on the multivariate
linear regression model of the fraction of large phytoplankton vs. temperature, nutrient
availability and ocean region. This allowed for the variation to be split into individual and
shared influences. Variance partitioning was done using the R package 'vegan' version 2.0-5
(Oksanen et al. 2012) and the procedure for calculating the different fractions is thoroughly
explained in the package documentation (vegandocs("partitioning.pdf")). In short, the
proportion of y (i.e. the fraction of large phytoplankton) explained by the explanatory variable
x1 (e.g. temperature) is found by regressing y on x1 while holding the other explanatory
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variables x2, x3...xi constant with respect to x1. From the individual fractions, the shared
variation can be calculated by simple subtraction and addition (Legendre & Legendre 1998).
The results are presented as fractions inside a number of circles or squares corresponding to
the number of explanatory variables. Fractions inside circles/squares that do not overlap are
interpreted as variation explained by that variable alone and fractions inside circles/squares
that overlap are interpreted as variation shared between the two or three variables in question.
Secondly, the potential direct effect of temperature was further explored by
investigating the residuals left when the effects of inorganic nutrients had been statistically
removed. This was done in two steps: In the first step, we modeled the fraction of large
phytoplankton as a function of nutrient availability and extracted the residuals. In the second
step, we modeled these residuals as a function of temperature to investigate the remaining
pattern.
The ubiquity of the temperature effect was investigated for both the overall effect of
changing temperature alone and for the shared effect of nutrients and temperature. In both
analyses, we first grouped the stations according to ocean region (North-eastern Atlantic n =
37, North-western Atlantic n = 21, Eastern Atlantic n = 26, Indian Ocean Sector n = 37,
Western Pacific n = 28, Southern Ocean n = 37, Eastern Pacific n = 26, Western Atlantic n =
40). If the temperature effect is universal, the effect (i.e. the slope of the linear regression
models) should not differ significantly between ocean regions. To investigate the overall
effect of changes in temperature, we constructed a hierarchy of three models: In the first
model, we modeled the fraction of large phytoplankton as a function of temperature. In the
second model, we modeled the fraction of large phytoplankton as a function of temperature
while allowing different ocean regions to have different intercepts with the y-axis (i.e. by
including the regional coding as a factor and thus allowing for differences in the average
contribution of large phytoplankton between regions). In the third model, we modeled the
fraction of large phytoplankton as a function of temperature while allowing the different
regions to have different intercepts with the y-axis and to have different regression slopes (i.e.
by including model interactions between regions and temperature and thus allowing
differences in the effect of temperature between regions).
To investigate the potential direct effect of temperature on the fraction of large
phytoplankton, we repeated the hierarchical three-model setup but, instead of modeling the
fraction of large phytoplankton, we modeled the residuals from the linear regression of the
fraction of large phytoplankton as a function of nutrient availability. We then assessed the
candidate models using AIC, delta AIC and Akaike weights.

Results
Macroecological patterns in the phytoplankton community size structure
Three main macroecological patterns emerged from the exploratory data analysis (fig. 1).
Firstly, the fraction of large phytoplankton decreased with increasing temperature (fig. 1A).
Secondly, the fraction of large phytoplankton increased with increasing concentrations of both
dissolved inorganic nitrogen (fig. 1B) and phosphate (fig. 1C). Thirdly, both dissolved
inorganic nitrogen and phosphate decreased with increasing temperature (fig. 1D-E).
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In addition, dissolved inorganic nitrogen increased with increasing phosphate (fig. 1F). The
Pearson correlation coefficients (table 2) showed that all the explored factors co-varied, with
especially strong correlations between dissolved inorganic nitrogen and phosphate (r = 0.84),
dissolved inorganic nitrogen and temperature (r = -0.67) and phosphate and temperature
(r = -0.65).
The modeling results showed an increase in model performance when temperature was
included in addition to dissolved inorganic nitrogen and phosphate (table 3). The support for
the three multi-variate models including temperature ranged from 10.1 % to 45.5 %, whereas
the support for the nested models and the multi-variate model excluding temperature was less
than 1 %. From this, we conclude that temperature explains a significant part of the variation
in the fraction of large phytoplankton which cannot be explained by nutrient availability.
According to the Akaike weights, the most parsimonious model for explaining the fraction of
large phytoplankton included all three explanatory variables (temperature, dissolved inorganic
and phosphate), with a weight of 45.5 %. However, two other multi-variate models including
either temperature and dissolved inorganic nitrogen or temperature and phosphate were
almost as good. All subsequent analyses were, therefore, performed for all three models.
However, as the results were the same in all analyses, we only show the results from the best
(i.e. the fraction of large phytoplankton vs. temperature, dissolved inorganic nitrogen and
phosphate). For the results of the other two set of analyses, we refer to the online
supplementary material (appendix 1).
Fraction of large
Temperature
phytoplankton
-0.48
Temperature
0.50
-0.67
DIN
0.51
-0.65
Phosphate
Table 2: Pair wise Pearson correlation coefficients for all variables.

Response
variable

DIN
0.84

Explanatory Explanatory Explanatory
R2adj. AIC
∆i
wi
variable 1
variable 2
variable 3
Temperature
0.23 318.7 21.2 <0.001
DIN
0.25 310.9 13.4 <0.001
Fraction of
Phosphate
0.24 313.0 15.5 <0.001
large
Temperature DIN
0.29 297.8 3.1 0.101
phytoplankton Temperature Phosphate
0.29 300.6 0.3 0.407
DIN
Phosphate
0.27 306.2 8.8 0.006
Temperature DIN
Phosphate
0.30 297.4
0
0.485
Table 3: The result from model comparison of the fraction of large phytoplankton vs.
temperature dissolved inorganic nitrogen (DIN) and phosphate using AIC, delta AIC (Δi) and
Akaike weights (wi). See the supplementary material for details on slopes and intercepts (table
S1).
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Figure 1: Bi-variate plots of the fraction of large phytoplankton vs. (A) temperature, (B)
dissolved inorganic nitrogen (DIN), (C) phosphate (redrawn from Hilligsøe et al. (2011)), (D)
dissolved inorganic nitrogen vs. temperature, (E) phosphate vs. temperature, and (F)
phosphate vs. dissolved inorganic nitrogen. All variables with the exception of temperature
have been log-transformed (n = 260).
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Figure 2: Variance partitioning of the multivariate regression of the fraction of large
phytoplankton vs. (A) temperature (Temp.), dissolved inorganic nitrogen (DIN) and
phosphate and (B) temperature, dissolved inorganic nitrogen, phosphate and ocean region.
both temperature and inorganic nutrients, however, remained relatively constant (23 %; fig.
2B).
Direct and indirect effects of temperature
When the variation was partitioned, temperature explained 3 % of the variation in the fraction
of large phytoplankton (fig. 2A). Phosphate and dissolved inorganic nitrogen combined (in
the following referred to as inorganic nutrients) explained 6 % of the variation and the amount
of variation explained by a combination of temperature and inorganic nutrients was 20 % (fig.
2A). When regional differences in the average contribution of large cells were accounted for
(represented by the square in fig. 2B), the variation explained by temperature alone increased
to 8 % whereas the variation explained by inorganic nutrients alone decreased to 1 % and
were restricted to the influence of phosphate (fig. 2B). The amount of variation explained by
both temperature and inorganic nutrients, however, remained relatively constant (23 %; fig.
2B).
The 6 % of variation explained by inorganic nutrients when spatial differences are not
accounted for (fig. 2A) suggests that a nutrient source not correlated with temperature has an
important influence on the fraction of large phytoplankton. This potential nutrient effect
increased to 8 % when regional differences were accounted for but 7 % of this variation was
shared with ocean region (fig. 2B). This implies that an off-set of the intercept with the y-axis
in the model for each region (i.e. differences in the average contribution of cells larger than 10
µm between regions) was an equally good explanation as a temperature-independent nutrient
effect, thus providing only weak evidence for a global independent nutrient effect. The effect
of temperature on the fraction of large cells, on the other hand, was not correlated with ocean
region without at the same time being correlated with inorganic nutrients (fig. 2B). This
indicates that the independent effect of temperature is independent from area-specific
differences in average size, which could indicate that the temperature effect is universal.
Thus, variance partitioning indicates that temperature has both a nutrient-shared and a
nutrient-independent effect on phytoplankton community size structure.
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Figure 3: Bi-variate plot of the residuals (from a multi-variate regression of the fraction of
large phytoplankton vs. dissolved inorganic nitrogen and phosphate) and temperature. The
red and black lines represent the results from a linear regression model and the line where
y = 0, respectively. The vertical blue line represents the temperature where the regression
line intercepts the black line and, thus, where the residuals change from being predominantly
positive to predominately negative.
When the residuals from the linear regression of the fraction of large phytoplankton vs.
dissolved inorganic nitrogen and phosphate were regressed on temperature, a slight negative
correlation was observed which explained about 2 % of the variation (fig. 3). A negative
relationship would be expected if the temperature effect on phytoplankton community size is
direct. The regression intercepts the x-axis at about 15.0 °C meaning that the model generally
underestimates the fraction of large phytoplankton when the temperature is low (below 15 °C)
and overestimates the fraction when the temperature is high (above 15 °C). It was not possible
to test the weight of the model using AIC because there is no model to compare it to.
However, an analysis of the variance showed that the slope was significantly different from
zero (p = 0.017; df = 258). In addition, in the analyses where the inorganic nutrients were
investigated separately, the Akaike weights supported temperature as being the best predictor
for the remaining variation when the effect of dissolved inorganic nitrogen or phosphate had
been statistically removed (see appendix 1: table S2 and S3; fig. S3 and S4).
Ubiquity of the temperature effect
The results from the overall effect of warming (table 3; fig. 4A) and the nutrient-independent
effect of increasing temperature (table 4; fig. 4B) both showed that the most parsimonious
model for describing the fraction of large phytoplankton allowed for regional differences in
the average contribution of phytoplankton larger than 10 µm but with the same effect of
temperature change in all ocean regions. In other words, although the biomass of large
phytoplankton differed, an increase in temperature would lead to the same relative decrease in
the fraction of large phytoplankton in all ocean regions investigated. According to the Akaike
weights, the support for the models restricting the regression slope to be the same for all
ocean regions was 94.4 % and 95.6 %, respectively, for the overall effect and the nutrient55

Figure 4: Bi-variate plots of (A) the fraction of large phytoplankton vs. temperature and (B)
the residuals (from a multi-variate regression of the fraction of large phytoplankton vs.
dissolved inorganic nitrogen and phosphate) vs. temperature. The colored lines represent the
results from a linear regression model including the ocean region as a factor (slopes are
forced to be the same according to the results in table 4 and 5).
independent effect of temperature and with very little support for differentiated effects
(< 6 %). Thus, a model forcing the regression slope to be the same for all ocean regions
performed significantly better than one allowing different slopes within each region. This
strongly indicates that both the overall effect of warming and the nutrient-independent effect
of increasing temperature can be considered universal.

Discussion
It is well recognized that organisms become smaller with increasing temperature in both
aquatic and terrestrial ecosystems (Sheridan & Bickford 2011). The mechanisms behind this
pattern are complex and differ between systems and at different biological scales (Daufresne
et al. 2009). For phytoplankton communities in the ocean, both nutrient availability and
temperature can theoretically explain this temperature-size pattern but co-variance between
these two factors has made it difficult to discern the individual effects. This has led some
authors to suggest that a potential direct effect of temperature on phytoplankton community
size structure can be ignored because the effect of resource utilization (primarily nutrient
availability) is so large in comparison (e.g. Marañón et al. 2012). Others have apparently
accepted that nutrient availability is the most important factor and have not sought to
investigate a potential direct temperature effect, focusing instead on nutrient availability
and/or predation (e.g. Winder et al. 2009; Armstrong 1994). In this study, we provide
evidence that temperature effects not associated with nutrient availability may play a
significant role in controlling phytoplankton community size structure.
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Variance partitioning revealed that a large part of the explained variation in the relative
contribution of large phytoplankton was shared between nutrient availability and temperature.
Although statistics are not able to distinguish between the influences of two co-linear
variables in the shared variation space, we can hypothesize with respect to the causal
relationship underlying this pattern. Heat input (leading to increased temperature in surface
waters) influences the strength of water column stratification which, in turn, decreases mixing
between deeper nutrient-rich waters and the surface and, consequently, reduces the amount of
inorganic nutrients being transported to the euphotic zone (Behrenfeld et al. 2006; Genin et al.
1995; Kamykowski & Zentara 1986). On a global scale, where increasing temperature
correlates with latitude, the temperature gradient (i.e. decreasing temperature with decreasing
distance from equator) can be interpreted as a gradual transition from areas with permanent
stratification and a limited flux of inorganic nutrients over the pycnocline to areas where
annual deep mixing facilitates a nutrient flux from the deep waters to the surface (Behrenfeld
et al. 2006; Kamykowski & Zentara 1986). From this, we hypothesize that the pattern of a
general increase in nutrient availability with decreasing temperature (fig. 1D-E) as well as the
explained variation of the contribution of large cells that is shared between nutrient
availability and temperature (23 %; fig. 2B) may be due to this causal link. This interpretation
is, consistent with that made in several other studies at varying scales (e.g. Finkel et al. 2005;
Sigman et al. 2004; Li 1998; Genin et al. 1995). Therefore, instead of representing statistical
uncertainty, the amount of explained variation shared at this global scale (and in the above,
described as a nutrient-shared effect) could, conceivably, be an indirect effect of temperature
on the fraction of large phytoplankton where temperature controls the availability of inorganic
nutrients in the euphotic zone.
While smaller than the effect of nutrient availability, this study suggests that the
nutrient-independent effect of temperature on phytoplankton community size structure is of
an order that it should not be ignored. When spatial differences are accounted for, the
variation in the fraction of large phytoplankton explained by the nutrient-independent
temperature effect becomes 8 % (compared to 23 % being explained by the nutrient-shared).
Thus, although it is usually assumed that the relationship between the fraction of large
phytoplankton and temperature is related to the effect of temperature on nutrient availability,
this study suggests that about one fourth of this variation in the fraction of large of large
phytoplankton is unrelated to the nutrient availability and can be explained by temperature
alone.
The evidence presented here suggests an important nutrient-independent effect of
temperature on phytoplankton community size structure, operating at the level of the global
phytoplankton community. Previous studies suggesting a possible direct temperature effect on
phytoplankton size have been based on more spatially confined datasets: Mesocosm
experiments (Peter & Sommer 2012; Yvon-Durocher et al. 2011) and for picophytoplankton
in the Atlantic Ocean (Morán et al. 2010). These earlier studies combined with our own
suggest that the influence of the nutrient-independent and potentially direct effect of
temperature on phytoplankton community size structure may be much larger than has
previously been realized.
Adding spatial information to the applied statistical models revealed a consistent
relationship between temperature increase and phytoplankton community size structure in all
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Response
variable

Explanatory
variables/
Factor
Temperature

Ocean
region

Slope
-0.03

Intercept

R2adj.

AIC

Δi

wi

-0.56
0.23 318.7 51.9 <0.001
EA
0.14
EP
-0.04
IOS
-0.56
Temperature
NEA
-0.25
and ocean
-0.05
0.39 266.7
0
0.944
NWA
-0.65
region
SO
-0.52
WA
-0.23
Fraction of
large
WP
0.07
phytoplankton
EA
-0.06
0.38
EP
-0.01
-0.70
Temperature
IOS
-0.09
0.05
and ocean
NEA
-0.07
-0.17
region
0.39 272.4
5.6
0.056
NWA
-0.04
-0.72
inclusive
SO
-0.03
-0.55
interactions
WA
-0.06
-0.12
WP
-0.04
-0.09
Table 4: Results from model comparison of the fraction of large phytoplankton vs.
temperature and ocean region with and without including interactions using AIC, delta AIC
(Δi) and Akaike weights (wi).EA: Eastern Atlantac, EP: Eastern Pacific, IOS: Indian Ocean
Sector, NEA: North-eastern Atlantic, NWA: North-western Atlantic, SO: Southern Ocean,
WA: Western Atlantic, WP: Western Pacific.
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Response
variable

Explanatory
variables/
Factor
Temperature

Ocean
region

Slope
-0.01

Intercept

R2adj.

AIC

Δi

wi

0.12
0.02 298.6 24.2 <0.001
EA
0.64
EP
0.33
IOS
0.23
0.46
Residuals
Temperature NEA
-0.03
0.13 274.3
0
0.956
from the
and region
NWA
0.15
fraction of
SO
0.08
large
WA
0.59
phytoplankton
WP
0.70
vs. dissolved
EA
-0.01
0.36
inorganic
EP
0.01
-0.36
nitrogen and
Temperature IOS
-0.05
0.53
phosphate
and region
NEA
-0.02
0.35
0.13 280.5
6.1
0.044
inclusive
NWA
-0.04
0.26
interactions
SO
-0.02
0.07
WA
-0.03
0.71
WP
-0.04
0.99
Table 5: Results from model comparison of the residuals (from a linear regression of the
fraction of large phytoplankton vs. dissolved inorganic nitrogen and phosphate) vs.
temperature and ocean region with and without interaction using AIC, delta AIC (Δi) and
Akaike weights (wi). EA: Eastern Atlantac, EP: Eastern Pacific, IOS: Indian Ocean Sector,
NEA: North-eastern Atlantic, NWA: North-western Atlantic, SO: Southern Ocean, WA:
Western Atlantic, WP: Western Pacific.
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of the major oceanic regions of the world's oceans represented in the data set. This suggests
that the response to temperature is universal. Although the relationships between temperature,
productivity and size composition have been shown to have opposing directions at different
local or regional scales (e.g. Polovina et al. 1995), this study suggests that these effects
average out when investigated on a sufficiently large scale, with an overall pattern emerging
of a negative response in contribution of large cells to phytoplankton biomass as temperature
increases. Although the size-temperature pattern may vary at local scales, the macroecological
approach used in this study suggests that a nutrient-independent temperature effect is present
in all regional ocean systems studied and that this effect should be included (or at least
considered) when modeling of the size composition is attempted.
The use of in situ nutrient concentrations as a proxy for nutrient availability and supply
to phytoplankton can be criticized and, as it is a key assumption in our study, deserves
consideration here. There are a number of reasons why nutrient concentrations can become
uncoupled from nutrient supply and, thus, become inappropriate for testing the effect of
nutrient supply on phytoplankton community size structure. These reasons are often spatially
or temporally specific (e.g. local/seasonal mixing conditions; stage of bloom, etc.). However,
these temporally and spatially confined disconnections between nutrient concentrations and
nutrient supply should average out if investigated on a sufficiently large data set. In our data
set, the linear models of the fraction of large phytoplankton vs. nutrient availability or
temperature show the same magnitude of variance and when the residuals are investigated, no
visible pattern emerges. This indicates that the error is equally distributed along both the
nutrient and temperature gradients. It is not possible to quantify to what extent the residuals
are due to discontinuity. However, the investigation shows that the magnitude of the problem
is the same for dissolved inorganic nitrogen, phosphate and temperature. Thus, it is fair to
treat the residuals as stochastic noise and conclude that there are no parts of the gradients that
are especially prone to discontinuity errors and, thus, that the errors have no influence on the
slopes. Ultimately, the residual patterns indicate that the data set is sufficiently large to
average out spatially and temporally confined discontinuities (for both nutrient concentrations
and temperature).
Our conclusions appear to contradict those of Marañón et al. (2012). In that study, the
authors presented a meta-analysis investigating phytoplankton community size structure in
relation to temperature and primary production, where primary production was used as proxy
for resource use. They found that 62 % and 2 % of the variance in the relative contribution of
microphytoplankton to total phytoplankton biomass could be explained by the magnitude of
the primary production and temperature, respectively. Although temperature did explain a
significant part of the variation in 5 out of 6 models in their study, they concluded that
temperature did not have a direct effect on phytoplankton community size structure and that
no single, universal effect of ocean warming on phytoplankton size should be anticipated.
Their conclusions, however, build on several assumptions. The authors report that the
temperature-size-rule was unable to account for the variation in community size structure
explained by temperature alone. They found that the temperature-size-rule could only explain
a 0.04 % ºC-1 and 0.28 ºC-1 reduction in picophytoplankton and microphytoplankton,
respectively, compared to the observed 0.8 % ºC-1 and 0.5 % ºC-1. From this, they conclude
that at least part of the observed correlation between temperature and phytoplankton size
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structure reflects the effects of other variables that co-vary with temperature. This argument,
however, builds on the assumptions that there is no change in species composition and that
the temperature-size-rule (i.e. the 2.5 % C-1 volume decrease defined by Atkinson et al.
(2003)) is the only possible direct effect of temperature. It is highly unlikely that the
phytoplankton community size structures reported by Marañón et al. (2012) are unaffected by
shifts in species composition and several other direct and indirect effects of temperature have
been proposed (Daufresne et al. 2009; Finkel et al. 2010). It should, therefore, not be
surprising that the temperature-size-rule (as defined by Atkinson et al. (2003)) should fail to
explain all the variation observed. However, if the temperature-size-rule is extended to
include species shifts and/or intraspecific genetic variability the expected decrease in cell size
should be much larger. Thus, Peter and Sommer (2012) found a four-fold decrease in size for
each order of magnitude increase in temperature which is a much stronger temperature effect
and this may be a better estimation of the temperature effect in natural assemblages than the
rule proposed by Atkinson.
In addition, Marañón et al. (2012) observed that increasing the availability of a limiting
nutrient would result in increased dominance of larger species regardless of the temperature.
The apparent departure from the macroecological temperature-size relationship (i.e.
dominance of small phytoplankton cells at high temperature) when limiting nutrients are
added in warm water (e.g. the IronEx II experiment (Cavender-Bares et al. 1999)) cannot,
however, serve as an argument against a direct temperature effect. The mechanisms linking
nutrient availability and community mean cell size are primarily linked to the competitive
differences associated with area-to-volume ratio and thickness of the diffusion boundary layer
(Kiørboe 1993; Tilman et al. 1982). Although these conditions are probably influenced by
temperature, there is no a priori reason to suspect fundamental differences between cold and
warm waters when nutrients are added. In other words, adding limiting nutrients lessens the
competitive advantage of being small regardless of the in situ temperature and this can lead to
dominance of large cells in warm waters if nutrient availability allows it.
Correlation does not, of course, necessarily imply causality. Another unknown factor,
correlated with temperature, could be the real forcing factor behind what we here are
interpreting as a direct effect of temperature on phytoplankton community size structure. The
fact that we identify an apparently universal relationship between the importance of large
phytoplankton cells and a nutrient-independent temperature effect, however, implies that
whatever factor is resulting in this effect should not correlate with nutrient availability and
should have the same effect in all oceanic regions. We can think of several factors which
could potentially influence phytoplankton community size structure and scale with
temperature (i.e. sinking speed, nutrient supply rate, light, mixing regime etc.). However,
none of these can a priori be expected to correlate with the nutrient-independent effect of
temperature we identify here and, at the same time, have the same effect on phytoplankton
community size structure in all ocean regions.
Light, for example, might be expected to correlate with temperature in the euphotic
zone as both are to a large extent controlled by solar irradiation. Photosynthetically active
radiation can be approximated over depth by a decreasing exponential function. Temperature,
on the other hand, is often relatively constant in the upper layers of the ocean due to wind
induced mixing. Thus, light and temperature are often not well correlated. Furthermore, the
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effect of increasing light intensity on phytoplankton community composition is probably very
different between low latitude waters, where the water column is permanently stratified and
light is not the limiting resource and mid latitude waters experiencing seasonal stratification.
Thus, the apparently universal relationship we find here between temperature and size
structure of phytoplankton communities strongly indicates that light is not responsible for the
potential direct effect observed here. However, we fully acknowledge that light can play an
important role in controlling phytoplankton community size structure at local and regional
scales.
It can also be noted that there is empirical evidence for the nutrient-independent effect
on community phytoplankton size structure being mediated directly by temperature. A
temperature-size relationship has been shown for individual species in controlled laboratory
studies (Atkinson et al. 2003; Ellegaard et al. 2002) as well as for mixed communities in
mesocosm experiments (Peter & Sommer 2012; Yvon-Durocher et al. 2011). In addition, a
direct temperature effect can be explained theoretically by combining the effect of
temperature changes on the rate of biological activity (Brown et al. 2004; Moisan et al. 2002;
Eppley 1972) with nutrient competition theory (Kiørboe 1993; Tilman et al. 1982).
Temperature increases will have a universal effect leading to increased metabolism in all
ocean regions. This would lead to an increase in resource demand for all phytoplankton
groups. As it is highly unlikely that the temperature increase is accompanied by a
compensating increase in resources, a temperature-induced rise in metabolism could be a
plausible explanation for the decrease in the dominance of large species with increasing
temperature observed here.
These arguments are analogous to arguments put forth to describe the nutrientdependent effect on phytoplankton community size composition. Observations of correlation
have been used to argue that changes in phytoplankton community structure are explained by
nutrient availability through thermal stratification (Winder et al. 2009; Finkel et al. 2005;
Finkel et al. 2007). Just as in the case of the nutrient-independent effect in the relationship of
community size composition to temperature we describe here, such correlations do not
necessary imply causality. Thermal stratification is related to mixing regime and sinking
speed both of which may affect the phytoplankton community size structure - although
nutrient availability seems to be the most plausible explanation. Thus, while our study does
not unequivocally identify a direct temperature effect on phytoplankton community size
structure, it does identify a non-nutrient effect on community size structure that correlates
with temperature and that is of a statistical magnitude that makes it potentially important in
understanding what shapes phytoplankton community size composition.
Another mechanism by which temperature may affect phytoplankton community size
structure directly is through predation. In the residual analysis (fig. 2B), we note that the
regression intercept corresponds well with the temperature (15 ºC) where the maximum
growth rate of heterotrophic protists is reported to exceed the maximum growth rate of
autotrophic protists (Rose & Caron 2007). If an increase in metabolic rate is the only
mechanism underlying the direct effect of temperature, we would expect the regression slope,
averaged over all oceanic regions, to intercept the x-axis at 0 ºC. The off-set noted here might
indicate that resource competition between autotrophs and heterotrophs and/or temperaturelinked predation are important factors, in addition to intra- and interspecific competition, in
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controlling phytoplankton community size structure in the open ocean. Predation is known to
affect phytoplankton community size structure (Schartau et al. 2010; Armstrong 1994) and a
differential response in growth rate of autotrophs and heterotrophs to temperature increase
might, therefore, prove to be an important direct mechanism.
The temperature effect reported here would imply that global ocean warming can be
expected to cause a shift in the size structure of the global phytoplankton community towards
smaller individuals. This will affect food web structure with a smaller part of the primary
production being transported to higher trophic levels (Hilligsøe et al. 2011; Petchey et al.
2008; Michaels & Silver 1988). Instead, a larger part of the primary production will be
expected to enter the microbial loop leading to a decrease in the efficiency of the biological
pump and thereby the amount of carbon being transported from the surface to the deep layers
of the ocean (Fenchel 2008; Azam et al. 1983). This will influence the global carbon cycle
and, thus, climate change through a likely positive feedback that would further strengthen
global warming. Although current climate models already predict a positive feedback of the
increasing of temperature in the ocean, these predictions build on the assumption that the
main mechanism by which temperature affects phytoplankton size structure is by mediating
nutrient availability (IPCC 2007). The empirical evidence of a universal and direct effect of
temperature on phytoplankton community size structure presented in this study suggests that
the indirect effect of temperature, mediated through nutrient availability, only tells part of the
story and that current climate models might underestimate the effect of temperature on the
carbon sink in a warming ocean.
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Abstract
Protist cell size has been shown to change with temperature and measurements of protist cells
in sediment archives could thus prove useful for investigating both past climates and for
evaluating projections into the future. In this study, we present results from fine scale
measurements on dinoflagellate cysts from a sediment core covering a period of relatively
warm sea-surface temperatures (The Medieval Climate Anomaly) and a relatively cooler
period (The Little Ice Age). We found a significant decrease in cyst size with increasing
temperature at both the species level (10.2 % and 5.3 % decrease for the dominating species
Islandinium minutum and Pentapharsodinium dalei) and at the community level (11.9 %
decrease in community mean size). The decrease in community mean size was much larger
when intra-specific changes were included compared to when size change was a only result of
shifts in species composition (3.2 %) indicating that a large part of the variation is lost when
mean sizes derived from literature values are used to estimate change through time. We
conclude that measuring dinoflagellate cysts is a useful and straight-forward approach to
capture protist cell size changes through time, both at the species and at the community level.
Cell size measurements of some species show promise as independent proxies for
palaeotemperature.

Introduction
Determining the impact of ocean temperature increase on the biota is an important aspect of
global change research. Many studies have shown that body size decreases with increasing
temperature for a variety of organisms (Sheridan & Bickford 2011). This response is also seen
in cell size in autotrophic protist communities both in the ocean (Daufresne et al. 2009;
Hilligsøe et al. 2011), in lakes (Winder et al. 2009), in mesocosms experiments (Peter &
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Sommer 2012; Yvon-Durocher et al. 2011) and in laboratory studies (Atkinson et al. 2003;
Ellegaard et al. 2002).
The relationship between protist community size structure and increasing temperature in
space (e.g. a south-north transect) has been used to predict a general increase in the relative
contribution of small cells in a future warming ocean (i.e. the space-for-time substitution;
Morán et al. (2010); Daufresne et al. (2009); Winder et al. (2009)). This approach, however,
assumes that the relationship between temperature and the factors affecting phytoplankton
size (e.g. resource availability, predation, anthropogenic influence, adaptation and
temperature itself) remain constant through time.
While it is not possible to directly validate space-for-time substitution forward in time,
it is possible to investigate the past by studying microfossils preserved in the sediment. This
study focuses on dinoflagellates which, together with diatoms, constitute a major part of the
micro-phytoplankton in the world’s oceans. Some dinoflagellates (so far documented for
about 20 %) develop a resting stage or cyst as part of their life cycle (Figueroa et al. 2006;
Head 1996). These cysts are non-motile and sink to the sediment, where they accumulate and
may retain their capacity for growth for up to a century (Ribeiro et al. 2011a). Dinoflagellate
cysts preserve in sediment records for up to millions of years and are studied for numerous
reasons, including biostratigraphy and palaeoenvironmental reconstructions (Dale 2011). The
size of dinoflagellate cysts has been shown to be linearly correlated with the size of the motile
cells (Finkel et al. 2007) and changes in cyst size thus reflect the size of the actively dividing
cells in the water column prior to encystment.
In the present study, we tested the hypothesis that single-celled marine protists (such as
phytoplankton) become smaller in periods of warm water compared to cold-water periods.
Furthermore, we also wanted to investigate the difference between using measurements and
literature values to infer protist community mean size. In order to do this, we performed
measurements on dinoflagellate cysts preserved in a sediment core collected in the Disko Bay
area, in West Greenland, and compared sizes of cysts originating from the Little Ice Age
(1400-1700 C. E.) and the Medieval Climate Anomaly (950-1250 C. E.), respectively.
According to Mann et al. (2009) the sea-surface-temperature (SST) anomaly was between
-0.9 and -0.7 for the Little Ice Age and between +0.3 and +0.5 for the Medieval Climate
Anomaly in relation to the 1961-1990 reference period, equaling a 1.2 °C difference in annual
mean sea surface temperature between the two periods.

Methods
Individual dinoflagellate cysts mounted in glycerine-jelly were measured. The samples
originated from a gravity core retrieved west of Aasiaat (Egedesminde), SW Disko Bay in
Greenland and the conditions in the bay as well as the methodology for treating the samples
and the interpretations based on changes in community composition are described in detail by
Ribeiro et al. (2011b). In the present study, we used slides from four different sediment core
depths; 60 cm and 80 cm which, based on radiocarbon dating, were assigned to The Little Ice
Age, and 140 cm and 150 cm, which were dated to the Medieval Climate Anomaly. The
chosen depths also correspond to valleys, respectively peaks, in the independent ice-core
reconstructed temperatures (data shown in Ribeiro et al., (2011b)).
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The slides were examined under an Olympus BH-2 microscope, and micrographs were
taken of all measured cysts using an Olympus DP72 digital camera. A total of 30
dinoflagellate cyst taxa were identified by Ribeiro et al. (2011b). In the present study, cysts
of the dominant taxa were measured and placed into six different species or groups of species.
Three taxa of heterotrophic dinoflagellates: Islandinium minutum, Islandinium ? cezare and
round brown Protoperidinoid cysts (RB); and three taxa of autotrophic dinoflagellates:
Operculodinium centrocarpum, Pentapharsodinium dalei and Spiniferites spp.
The specimens were grouped according to the highest taxonomic level to which they
could be assigned, and all encountered measurable specimens were included. Measurements
were made using the software Cell F version 2.4. The diameter (or length and width) of the
inside of the cyst wall was measured for approximately 20 cysts of each group pr. slide. For
some species, the diameter was straightforward to measure; in others it was more challenging.
For Islandinium minutum, in reasonably undamaged cysts, the diameter was measured and for
cysts that were compressed, the diameter was estimated from the average of the length and
width. For Islandinium ? cezare, cysts were generally damaged and the longest possible
diameter was measured, regardless of the state of the cyst. RB were grouped together due to
low abundance of identifiable species. The diameter was measured when cysts were close to
circular, and the average of length and width was used when the cysts were compressed.
Major size differences between the species in this group led to large variations within this
group. Therefore, a separate analysis was also run for Brigantedinium simplex, which
constituted approximately half of the measurements within this group. For
Pentapharsodinium dalei, it was generally easy to measure the approximate diameter. Several
species were grouped together as Spiniferites spp. due to low abundance of individual species
and because many Spiniferites cysts could not be determined to species level due to their
orientation in the slides. In circular representatives of this genus, the diameter or the average
of length and width (for damaged cysts) was used. For oval representatives, the average of the
length and the width were calculated. To see if there were different signals from differently
shaped cysts, separate analyses were also run for round (mainly Spiniferites ramosus) and
oval Spiniferites cysts (Spiniferites elongatus s.l.).
All statistical analyses were done with the free and open source software R version
2.15.0 (R Core Team 2012). Measurements from the two layers within each period were
pooled together to conform two data sets, representing the cold and warm period,
respectively. A two sample t-test was performed for each cyst group in order to test whether
the mean cyst size in the cold and warm period could be considered equal. For the community
size structure analysis, we conducted two different analyses. Firstly, we calculated the change
in community mean cyst size including intraspecific changes in cyst size. This was done by
first weighting each measurement according to the relative abundance of that particular
species in the corresponding sediment layer given in Ribeiro et al. (2011b) and afterwards,
calculating the weighted mean and the weighted standard deviation. Secondly, in order to
quantify the information lost by using literature values to estimate the change in community
cyst mean size, we calculated the mean cyst size for each species from all measurements
(serving as a proxy for literature values), weighted the species according to Ribeiro et al.
(2011b) and calculated the weighted mean and weighted standard deviation. Thus, in the first
analysis, community mean cyst size is both affected by changes in species composition and
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Species

Cysts

Mean cyst size (µm)
Cold
Warm
37.96
34.08
26.89
24.55
47.96
46.97
51.68
47.75
27.31
25.85
38.13
38.67
39.17
39.65
36.84
37.33
38.94
37.26

Size difference (µm])

Islandinium minutum
103
-3.88***
Islandinium ? cezare
89
-2.34*
Round Browns (RB)
89
-0.99
Brigantedinium simplex
60
-3.93*
Pentapharsodinium dalei 112
-1.46*
Spiniferites spp.
84
+0.54
Spiniferites elongatus
48
+0.48
Spiniferites ramosus
36
+0.49
Operculodinium
20
-1.68
centrocarpum
Community
468
36.28
31.97
-4.31***
Community (without
34.57
33.46
-1.11
intraspecific cell size
changes)
Table 1: Size differences in mean cyst size for the investigated species. Stars represent
significance at p < 0.05 (*) and p < 0.001 (***). For the whole community, the weighted
mean and a weighted two sample t-test is presented.
changes in the cell size for individual species, whereas, in the second analysis, any changes in
community mean cyst size is a result of changes in the species composition only. The
weighted values were used instead of the ordinary mean and standard deviation in the two
sample t-test to test whether the weighted mean for the entire cysts community in the cold and
warm periods could be considered equal.

Results and discussion
For the species Islandinium minutum, Islandinium? cezare, Brigantedinium simplex and
Pentapharsodinium dalei and for the community as a whole, the mean cyst size was
significantly smaller in the warm period compared to the cold period (table 1). The mean sizes
of RB and Operculodinium centrocarpum were numerically smaller in the warm period while
the mean size of Spiniferites spp. was larger in the warm period, although these differences
were not statistically significant. With the exception of the Spiniferites spp. group, these
results show a community shift towards smaller cell sizes during warmer periods. Barplots of
the most dominant species and the community as a whole also show that the size differences
between the cold and warm periods may be quite large (fig. 1). In Islandinium minutum the
mean shifts 3.88 µm (from 37.96 to 34.08), which is equivalent to a decrease of ca. 10.2 %
(fig. 1A). For Pentapharsodinium dalei and the community as a whole, the percentage
decrease in mean size from cold to warm periods were 5.3 % (fig. 1B) and 11.9 % (fig. 1C),
respectively. These results indicate that past marine protist communities show the same
overall temperature-size pattern as the patterns inferred from contemporary spatial patterns
and thus add support to existing studies where spatially derived temperature-size patterns are
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Figure 1: Barplot of the mean cyst size (in µm) in the cold and warm periods for the
dominant species Islandinium minutum and Pentapharsodinium dalei and for the community
as a whole. Error bars represents the 95 % confidence interval around the mean.
used to deduce ecosystem responses in a climate change perspective (i.e. space-for-time
substitution).
For the groups with several species lumped together, the size differences were not
significant. This may indicate that the variability in size between the species in the groups, as
well as variability in the relative abundance of these species, masked any possible change in
cell size at least with these sample sizes. For Operculodinium centrocarpum, the number of
observations in each period was low (about 10). As this species presented no difficulties in
measuring (only difficulties in finding) and showed a relatively large change in mean size
(-1.68 µm), it is likely that the reason no significant change was found was the small sample
size.
By measuring individual cysts, we were able to detect not only a change in community
size structure, but also a change in the mean size of individual species under changing
temperatures. This significantly differentiates this study from other studies where protist sizes
have been investigated in the sediment record. In other studies, species sizes are derived from
literature values and the change in community size structure is thus only a product of the
changing species composition (e.g. Chen et al. 2011; Finkel et al. 2005; Finkel et al. 2007).
We can conclude that there is significant variation in intraspecific cell size which is not
accounted for when literature values are used. When we calculated the change in community
mean size without including changes in individual cyst sizes the change in community mean
size was only 1.11 µm (table 1), equivalent to a decrease of ca. 3.2 %, compared to 11.9 %
when intraspecific changes are included. This strongly indicates that a large amount of
information is lost when cyst sizes are assumed to remain constant within species and that it
might lead to underestimation of the range of change in mean size.
Finkel et al. (2005) found a relationship between the median cell size and the thermal
gradient between the surface and deep waters but no correlation with surface temperature.
From this they conclude that the primary selective pressure had been the magnitude and
frequency of nutrient availability. Thus they concluded that the temperature effect was
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indirect, i.e. through the development of stratification and its resulting influence on nutrient
availability (Finkel et al., (2005); see also Winder et al., (2009); Finkel et al., (2007); Li,
(1998)). These results thus seem to show that there was no notable direct temperature effect
on phytoplankton size through the Cenozoic, in contrast to other studies where a direct effect
of temperature on protist cell size has been indicated (Hilligsøe et al. 2011; Morán et al.
2010). However, this study shows that a large part of the variability is probably lost by using
literature values and a lack of a correlation between temperature and cyst median size can
therefore not be used as evidence for the lack of a direct temperature effect. That being said,
the approach used by Finkel et al. (2005) and others is still powerful and useful because it is
less time consuming and because some species are not easily measured, often making the use
of literature values the only viable option when large datasets are assessed. Instead of
discouraging the use of literature values this study should serve as a reminder that the
assumptions used when conducting paleoecological research can have a significant impact on
the results and this should be considered during interpretation.
According to the temperature-size rule defined by Atkinson et al. (1994; 2003), the
average decrease in cell size should be about 2.5 % for each 1 °C increase. Yet, when the
changes in cell volume were calculated assuming the cysts to be spheres and assuming a 1.2
°C temperature difference (Mann et al. 2009), the decrease in community mean cyst volume
between the cold and warm periods was about 26 % °C-1. This is about ten times the volume
shift expected if the temperature-size rule defined by Atkinson et al. should be responsible.
However, the experiments reported in Atkinson et al. (2003) were performed on clonal (i.e.
genetically uniform) cultures and the 2.5 % decrease is thus only due to phenotypic plasticity.
It is reasonable to assume a stronger temperature effect in natural assemblages due to natural
selection, compared to clonal cultures. In support for this hypothesis, Peter and Sommer
(2012) found a four-fold decrease in cell volume for each order of magnitude increase in
temperature when natural assemblages were investigated in micro- and mesocosm
experiments. Within the natural range of sea water temperatures (about -2°C to 30 °C) this is
a much stronger temperature effect than that found by Atkinson et al. (2003). Furthermore,
changes in community mean size in natural assemblages can also be due to species shifts (in
this study about 3.2 % in mean diameter or about 7.8 % in community mean volume), which
will further increase the temperature effect. The remaining part of the change may be due to
other factors affecting the size of marine protists (e.g. nutrient supply rate, light, mixing
regime, predation etc.).
The Spiniferites spp. group stood out as an exception to the general pattern in our
analysis. Although the slight increase in Spiniferites spp. mean size between the cold and
warm period was non-significant it is at least safe to conclude that Spiniferites spp. did not
decrease with increasing temperature. From our knowledge, the success of Spiniferites spp. is
not associated with increasing temperature and it is hard to explain why this group should
show a pattern contrary to the other species investigated. We note, however, that other studies
have identified species of marine protists with apparently contrasting temperature-size
relationships although the general trend showed a decrease in size with increasing temperature
(e.g. Atkinson 1994; Atkinson et al. 2003; Peter & Sommer 2012). The most likely
explanation is that some other factor gave Spiniferites spp. a competitive advantage during the
Medieval Climate Anomaly, as compared to the Little Ice Age.
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Changes in size with increasing temperature are not the only morphometric response to
changes in the physical properties of the water reported for dinoflagellate cysts. The most
commonly reported link between environmental factors and cyst morphology is a correlation
between spine length and salinity or viscosity (salinity and temperature), e.g. for species such
as Lingulodinium polyedrum and Protoceratium reticulatum. This has been reported both
from controlled laboratory studies (Ellegaard et al. 2002) and in natural assemblages
(Ellegaard 2000; Mertens et al. 2011) and the relationship has, for example, been used to
reconstruct the surface salinity in the Black Sea through the Holocene (Mertens et al. 2012).
As has been the case with correlations between spine length and salinity, there is a potential to
use the correlation between cyst body diameter and temperature for paleotemperature
reconstructions.
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Abstract
In this study, a global data set on chlorophyll a and size-fractionated chlorophyll a
distributions collected in the open ocean (depth > 400 m) is used to investigate phytoplankton
total biomass and community size structure in relation to dissolved inorganic nitrogen (DIN),
phosphate and silicate and in relation to the N/P ratio. The macroecological patterns show an
increase in total phytoplankton biomass at low to intermediate nutrient concentrations,
whereas the fraction of large phytoplankton in the community increases over the entire range
measured for DIN and phosphate. The non-saturating relationship between the fraction of
large phytoplankton in the community and nutrient concentrations leads us to wonder whether
phytoplankton might not always be growth rate limited in natural environments. Both
phytoplankton total biomass and the fraction of large phytoplankton in the community were
greatest at N/P ratios between 8 and 16. Using a combination of generalized additive
modeling and the Akaike Information Criterion, we empirically show that all nutrients
measured, as well as the N/P ratio, are significant predictors of both total biomass and
community size structure, strongly indicating that no single nutrient can be considered
limiting at the global scale. Furthermore, our results indicate that the N/P ratio plays a direct
role in controlling phytoplankton communities. Regional analyses supported the global
analysis, showing different nutrients as being controlling in different regions and with strong
evidence of multi-nutrient co-limitation of both biomass and the fraction of large
phytoplankton in the community in most regions.

Introduction
During the last decade, marine scientists have been witnesses to two major paradigm shifts.
The first was the realization that Redfield’s canonical ratio of N/P = 16:1 was not an optimum
ratio of internal phytoplankton stoichiometry (Geider & La Roche 2002; Klausmeier et al.
2004). Instead it represents a global average of all oceanic phytoplankton, where the
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correlation between organism composition and the deep sea ratio (N/P = 15:1) is maintained
by buffering effects such as nitrogen fixation and denitrification/annamox processes (Gruber
& Sarmiento 1997; Tyrell 1999; Kuypers et al. 2003; Capone et al. 1997).
The second paradigm shift, although still emerging, was the realisation that, in some
parts of the world’s ocean, multiple resources can be simultaneously limiting for
phytoplankton growth (Arrigo 2005; definitions in Saito et al. 2008). Until this realization,
single nutrient limitation under the auspices of Liebig’s law of the minimum (Von Liebig
1855) has ruled supreme (de Baar 1994). This philosophy spawned the great discussion on
whether N or P were ultimately limiting for biomass in the ocean (e.g. Redfield 1958;
Howarth 1988; Tyrell 1999; Falkowski 1997) but had the unfortunate side effect that single
nutrient limitation also became considered as the general mechanism controlling
phytoplankton growth rates (sensu Blackman 1905) (see de Baar 1994, for a historical
review). Thus, generations of marine ecologists have been taught the extremely limiting, and
ultimately wrong, rule of thumb that nitrogen is limiting in the ocean and phosphorus is
limiting in fresh water.
The general breakthrough came with the meta-analyses of Downing et al. (1999) and
Elser et al. (Elser et al. 2007) who, through a large number of nutrient enrichment
experiments, found both nitrogen and phosphorus to be important for inducing increased
phytoplankton biomass. Furthermore, Elser et al. (2007) found strong synergistic effects on
phytoplankton biomass when both nitrogen and phosphorus were added simultaneously.
Harpole et al. (2011) followed up on Elser et al.’s study (2007) and found evidence of strict
co-limitation of nitrogen and phosphorus in 28 % of the studies (i.e. biomass increased when
nitrogen, phosphorus and nitrogen+phosphorus were added). These three studies remain the
only studies so far performed on a macroecological scale but other studies have reported
multi-nutrient co-limitation of various nutrients at smaller scales (e.g. Seppälä et al. 1999;
Zohary et al. 2005; Mills et al. 2004).
Nevertheless, although there is accumulating evidence of co-limitation of both nitrogen
and phosphorus in the ocean (and probably also trace metals such as iron (Cavender-Bares et
al. 1999; Boyd et al. 2000)), the vast majority of enrichment studies carried out thus far have
been carried out in coastal waters. The few studies conducted in open ocean water are hardly
enough for a conclusive synthesis of the primary limiting nutrients in this vast part of the
marine ecosystem and a comprehensive enrichment experiment covering the entire open
ocean would be impossible.
In this study, we therefore investigate global patterns in the contemporary
phytoplankton biomass and community size structure in a data set collected in open ocean
waters (depth > 400 m) comprising most major ocean regions. We then relate these patterns to
dissolved nutrient concentrations and dissolved nutrient ratios of nitrogen, phosphorus and
silicate at both the regional and global scale and discuss the results within the emerging
paradigm of multi-nutrient co-limitation. In particular, we investigate: I) whether any one
nutrient (e.g. nitrogen) can be considered the primary single limiting nutrient in the sea; II)
whether phytoplankton total biomass and community size structure are limited by the same
nutrient(s) within and between major ocean regions and; III) whether there is evidence of
synergistic effects of high ambient concentration of DIN and P, as suggested by Elser et al.
(2007).
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Methods
Sampling and laboratory analyses
In total, 260 observations of total chlorophyll a, the fraction of chlorophyll a originating from
phytoplankton larger than 10 µm and inorganic nutrients were investigated in this analysis. A
detailed description of the sampling and laboratory procedures has been presented earlier
(Hilligsøe et al. 2011). Therefore, only a short resume is given here.
Samples were collected during the circumnavigating Galathea 3 expedition on HDMS
Vædderen in 2006-2007 and on a cruise in the Northern Atlantic on RV Dana in August 2008
(see Hilligsøe et al. 2011, fig. 4; Figure S1 in the supplementary material, appendix 2).
Conductivity, temperature and depth were measured using a Seabird Instruments 911 system
mounted on a rosette with 12 Niskin bottles (30l). Only stations with water depths greater
than 400 meters were included in order to reduce potential anthropogenic effects such as
extensive eutrophication and pollution on the phytoplankton biomass and community size
structure.
Water samples were collected in the surface water and at the depth of the chlorophyll a
maximum. On selected stations, water was also collected at 30 meters depth and at standard
sampling depth below the chlorophyll maximum. Collected seawater was filtered through
Whatman GF/F and 10 µm pore filters and the chlorophyll a on the filter was subsequently
quantified following method 445.0 by the United States Environmental Protection Agency
(see Hilligsøe et al. 2011 for details). The fraction of the phytoplankton biomass (measured as
chlorophyll a) originating from phytoplankton larger than 10 µm (in the following referred to
as the fraction of large phytoplankton) was then calculated as the fraction of chlorophyll a
retained on a 10 µm filter divided by the fraction of chlorophyll a retained on a GF/F filter.
An increase in this fraction is interpreted as an increase in the relative contribution of large
phytoplankton to the total phytoplankton biomass.
Water samples for determination of inorganic nutrient concentrations were frozen and
subsequently analysed on land by wet-chemistry methods according to Grasshoff et al. (1983)
with a SANPLUS System Scalar auto-analyzer. The detection limits were 0.06, 0.1, 0.04, 0.3
and 0.2 for phosphate (P), nitrate (NO3), nitrite (NO2), ammonium (NH4) and silicate (Si),
respectively. Dissolved inorganic nitrogen (DIN) was calculated as the sum of NO3, NO2 and
NH4.
Statistical analyses
All statistical analyses were done with the Open Source software R version 3.0.1 (R Core
Team 2013). Figures were prepared in the Open Source vector graphics editor Inkscape
version 0.48.4 (Inkscape 2012). Spatial dependency were detected but not explicitly
accounted for due to the lack of robustness in the methods available (Mauricio Bini et al.
2009). Instead of using conventional hypothesis testing, where the lack dependence can lead
to inflated p-values and increased risk of type I errors, we used permutation tests, the Akaike
information criterion (AIC) and the associated Akaike weights (wi) to assess the statistical
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significance (see Burnham & Anderson 2002; Richards 2005; Curran-Everett 2012). All
variables were log-transformed to allow visual inspection and to meet model-specific
assumptions of homogeneity and residual normality. Offsets used in the transformations were
0.04, 0.06 and 0.2 for DIN, phosphate and silicate, respectively (Hilligsøe et al. 2011).
Bi-variate plots were produced to investigate the relationships within and between the
response variables (total phytoplankton biomass and the fraction of large phytoplankton) and
the explanatory variables (DIN, P and Si concentrations and the DIN/P ratio). The overall
patterns were examined with LOWESS smoothing regressions (locally weighted polynomial
regression (Cleveland 1981)). Potential positive or negative relationships were assessed by
calculating the Pearson correlation coefficient (r) and the significance of these correlations
was assessed with permutation tests following Curran-Everett (2012) with 9999 iterations.
The exploratory data analysis revealed non-linear relationships between the response
variables (total biomass and the fraction of large phytoplankton) and some of the explanatory
variables (nutrient concentrations and ratios). In order to investigate and compare the
importance of the different nutrients while allowing for multiple explanatory variables and the
non-linear relationships, we modeled the response variables using generalised additive
modeling (GAM) using the “gam” function in the R package “mgcv” version 1.7-24 (Wood
2006). The smoothing parameter was estimated using the generalized cross validation
criterion and assuming a Gaussian error distribution (Wood 2004).
The significance of adding additional explanatory variables was evaluated using AIC
and the associated Akaike weights. The procedure involves creating a set of increasingly
complex candidate models for explaining total biomass and the fraction of large
phytoplankton, respectively. The AIC is then computed for each model as equation (1):
𝐴𝐼𝐶 = 2𝑘 − 2ln (𝐿)

(1)

Where k is the number of parameters and L is the maximized value of the likelihood function
for the candidate model. The model with the lowest AIC is the model with the minimum loss
of information (i.e. the most parsimonious model). The Akaike weight (wi) are then calculated
for each candidate model (i) in the set of R models as equation (2):
exp (−0.5×∆𝐴𝐼𝐶𝑖 )

𝑤𝑖 = ∑𝑅

𝑟=1 exp (−0.5×∆𝐴𝐼𝐶𝑟 )

(2)

The Akaike weights reflect the estimated probability that a given model, within the range of
candidate models, is the best model for the data (see Burnham & Anderson 2002; Richards
2005).
The exploratory data analysis indicated different patterns in both the response and
explanatory variables at DIN/P values below 8 versus DIN/P between 8 and 16. In order to
investigate whether the relationships between total phytoplankton biomass, the fraction of
large phytoplankton and available nutrient concentrations were significantly different between
these two DIN/P regimes, we split the dataset into two subsets with all observations below
DIN/P < 8 in one subset and those > 8 in the other.
For each subset, we produced bi-variate plots of total phytoplankton biomass and the
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fraction of large cells versus each nutrient concentration. On these bi-plots we then
superimposed the 25 % lower and 75 % upper quantile of observations of the other nutrients
and produced boxplots of the response variables for these secondary groups in order to
visualize the median and variance compared to the nutrient being plotted. The significance of
the change in the response variables was tested using the “kruskal_test” function in the R
package “coin” version 1.0-22 (Hothorn et al. 2008) where the null distribution of the test
statistics was approximated via Monte Carlo permutations with 9999 replications. For
example, total phytoplankton biomass was first plotted against DIN. Then, the data points in
this bi-varite plot corresponding to the 25 % numerically lowest observations of silicate were
marked with open circles and the data points corresponding to the 75 % numerically largest
observations of silicate were marked with closed circles. The total phytoplankton biomass for
the three groups (< 25 %, 25-75 % and > 75 % of the silicate values) were then plotted as
boxplots, the differences in biomass between the groups were tested using a Monte Carlo
permutation approximated Kruskal-Wallis test, and the results were compared to the bivariate plot of total biomass versus DIN.
In addition to the global analysis, we investigated individual patterns in phytoplankton
community size structure and biomass in relation to nutrients and ratios for each major ocean
region. In order to do this, we first grouped the stations according to ocean region (Northeastern Atlantic n = 37, North-western Atlantic n = 21, Eastern Atlantic n = 26, Indian Ocean
Sector n = 37, Western Pacific n = 28, Southern Ocean n = 37, Eastern Pacific n = 26,
Western Atlantic n = 40). For each region and for both the fraction of large phytoplankton and
total biomass, we ran a set of 15 different models, increasing in complexity from one
explanatory variable to the full model with all nutrients and ratios. Due to the smaller number
of observations in each region compared to the full data set, it was not possible to
parameterize a generalized additive model including more than two explanatory variables.
Therefore, in order to include the most complex models we modeled the DIN/P ratio as a nonlinear relationship (i.e. with a smoothing regression) and assumed linear relationships
between the response variables and DIN, P and Si. Although the relationship between
phytoplankton community size structure and total biomass was not linear for all nutrients in
the global data set, the relationships did take linear forms in the regional data sets, probably
due to the smaller range in nutrient concentrations.
We then assessed the performance of the 14 models using AIC and Akaike weights and
defined the primary and secondary controlling nutrients for each region with the following
procedure: The primary controlling nutrient was defined as the nutrient included in the best
model and describing a significant part of the variation according to an analysis of variance.
The best model was defined as having more than twice the weight in relation to the next best
model. If more than one model qualified, the least complex model was chosen according to
the principle of Occam’s razor (Burnham & Anderson 2002, pp. 29-31) and the nutrients
included in this model were assigned as primary. Nutrients included in the other qualifying
models were defined as secondary controlling nutrients as the statistical significance of these
nutrients could not be ruled out on the basis of our analysis. If more models qualified which
were equally complex, it was not possible to statistically differentiate the variation explained
(i.e. the explanatory variables are correlated and we do not know which variable is
responsible for the assumed causal relationship). In the results, we only present a summarized
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table for each region. For the full model details, we refer the reader to the supplementary
material (appendix 2). For a thorough introduction to multimodel inference we refer the
reader to Burnham and Anderson’s book on the subject (Burnham & Anderson 2002).
Assumptions
We assume that the amount of statistical dependence of a community trait (size and biomass)
on a nutrient can be interpreted as a proxy for the amount control exerted by the nutrient. In
this sense, control refers to the amount of competition between phytoplankton in the
community for that nutrient (i.e. bottom-up control by nutrient limitation). In other words, if
we model the phytoplankton biomass as a function of different potentially limiting nutrients,
the nutrient that explains the largest amount of variation in biomass is assumed to be most
likely to be the limiting nutrient compared to the other candidate nutrients (i.e. models
including other nutrients as explanatory variables). This conclusion comes from the
assumption that we would expect the biomass to be most dependent on the variation in a
limiting nutrient than on the variation of a correlating nutrient that is not causally linked to
biomass. Furthermore, in order to use statistical dependence as a proxy for limitation, the
relationship also has to be directional. This means that if the relationship (the slope) becomes
zero anywhere in the range of the nutrient, we interpret this as no dependence or lack of
control (limitation).

Results
Global nutrient correlation patterns
All nutrients measured, as well as the DIN/P ratio, were positively correlated with one another
(fig. 1). Thus, in areas with low ambient nutrient concentrations, we can generally expect to
find low concentrations of all the major nutrients (DIN, P and Si) and relatively low
concentrations of DIN compared to P.
The magnitude of the relationship (i.e. the ‘slope’) and the variability around the ‘slope’
were, however, not the same over the entire range of the nutrients measured. In areas with
relatively low concentrations of DIN (< 3.2 µM) and relatively low DIN/P ratios (< 8), the
relationships between DIN and both P and Si were variable and weak (fig. 1A-B), whereas the
relationship between DIN and DIN/P was strong (fig. 1D). In areas with relatively high
concentrations of DIN and high DIN/P ratios, the opposite pattern was found, i.e. a strong
correlation between DIN and both P and Si (fig. 1A-B) and with little variation in P and
DIN/P around the smoothed regression line for DIN (fig. 1A,D). Thus, at low DIN/P ratios,
the variability in both the total and relative concentrations of DIN, P and Si is generally high.
In contrast, at high DIN/P ratios, the total concentrations of DIN and P are usually high with
little relative variation in availability.
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Figure 1: Bi-variate log-log plots of (A) phosphate vs. dissolved inorganic nitrogen (DIN),
(B) silicate vs. DIN, (C) silicate vs. phosphate (P) and (D) the DIN/P ratio vs. DIN. The thick
black line represents the results of a LOWESS regression. The dashed line and the thin black
line represents the relationship between DIN and P with DIN/P = 8 and DIN/P = 16,
respectively.
Global patterns in community size structure and biomass
Both the fraction of large phytoplankton and total biomass were found to increase in regions
where the concentration of DIN, P (and to some extent Si) were high and where the DIN/P
ratio is between 8 and 16 (fig. 2 and 3). Thus, the fraction of large phytoplankton increased
with increasing ambient nutrient concentrations of DIN and P over the entire range measured
(fig. 2A-B). The relationship with Si, however, was more complex where an increasing
concentration of Si was associated with concomitant increase in the fraction of large cells at
intermediate Si concentrations but not at very low (< 1 µM) or at very high Si (> 10 µM)
concentrations (fig. 2C). A hump-shaped relationship between the fraction of large
phytoplankton and the DIN/P ratio was found (Fig. 2D) with increasing importance of large
phytoplankton in the community at DIN/P ratios < 8 and a large abrupt increase in the fraction
of large cells in the community at DIN/P between 8 and 16. Although there are only a few
observations where DIN/P is > 16, the data suggest a decrease in the fraction of large cells at
high DIN/P ratios (fig. 2D).
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Figure 2: Bi-variate log-log plots of the fraction of large phytoplankton of the total
community biomass vs. (A) dissolved inorganic nitrogen (DIN), (B) phosphate, (C) silicate
and (D) DIN/P. The thick black line represents the results of a LOWESS regression. The
dashed line and the thin black line represents the relationship between DIN and P with
DIN/P = 8 and DIN/P = 16, respectively.

DIN (fig. 3A) and P (fig. 3B) showed a saturating pattern with the maximum
concentrations of biomass being associated with intermediate concentrations of DIN (~ 4 µM)
and P (~ 0.6 µM) and with no increase in biomass at high concentrations. The relationship
was, however, not consistent with respect to increasing Si (fig. 3C). The relationship between
total biomass and DIN/P (fig. 3D) exhibited a hump shaped curve similar to the relationship
found between the relative contribution of large cells to the community (Fig. 2D).
The best model according to the Akaike weights for explaining the fraction of large
phytoplankton in the community (table 1), as well as biomass (table 2), included all the
explanatory variables (DIN, Phosphate, Silicate and the DIN/P ratio). This leads to the
conclusion that no single nutrient can be considered as the primary limiting nutrient in the
ocean. In addition, the fraction of large phytoplankton in the community and total biomass are
not only correlated with total nutrient concentrations but also to the ratio between the
concentrations of DIN and phosphate.
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Explanatory variables
R2adj.
AIC
wi
DIN
0.26
311.2
< 0.001
Phosphate
0.26
310.0
< 0.001
Fraction of
Silicate
0.23
327.3
< 0.001
phytoplankton
DIN + Phosphate
0.30
302.0
< 0.001
larger than 10 µm
DIN + Phosphate + Silicate
0.37
286.3
0.124
DIN + Phosphate + DIN/P
0.30
302.0
< 0.001
DIN + Phosphate + Silicate + DIN/P
0.39
282.4
0.876
Table 1: The results from model comparison of the fraction of large phytoplankton in the
community vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate (P),
silicate and DIN/P ratio using AIC and Akaike weights (wi).
Response variable

Explanatory variables
R2adj.
AIC
wi
DIN
0.13
444.2
< 0.001
Phosphate
0.20
422.3
< 0.001
Silicate
0.09
457.8
< 0.001
Total chlorophyll a DIN + Phosphate
0.24
412.5
< 0.001
DIN + Phosphate + Silicate
0.28
400.6
< 0.001
DIN + Phosphate + DIN/P
0.28
398.1
0.001
DIN + Phosphate + Silicate + DIN/P
0.33
384.8
0.998
Table 2: The results from model comparison of total phytoplankton biomass (as chlorophyll
a) vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate (P), silicate
and DIN/P ratio using AIC and Akaike weights (wi).
Response variable

Community size structure and biomass under different DIN/P regimes
Both the fraction of large phytoplankton (fig. 4A-B) and total phytoplankton biomass (fig.
4C-D) increased with increasing DIN in areas where DIN/P was below 8. This overall pattern
appears, however, to be driven by samples taken where DIN concentrations are > approx. 0.4
µM. The projected distribution of DIN/P showed that increases in the fraction of large
phytoplankton (fig. 4A) as well as total biomass (fig. 4C) were associated with a concomitant
increase in DIN/P with significantly larger values for both being associated with DIN/P
values approaching 8. The projected distribution of silicate, however, did not identify a
correlation between the occurrence of large phytoplankton in the community (fig. 4B) or
elevated biomass (fig. 4D) and high silicate concentrations.
In regions where DIN/P was between 8 and 16, the relationship between the fraction of
large phytoplankton in the community and DIN showed a relatively weak but significant
linear relationship (fig. 5A-B). Total biomass exhibited a hump-shaped pattern, with
maximum biomass concentrations being associated with intermediate DIN concentrations
(fig. 5C-D). The projected distribution of DIN/P revealed no apparent correlation between the
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Figure 3: Bi-variate log-log plots of total phytoplankton biomass (total chlorophyll a) vs. (A)
dissolved inorganic nitrogen (DIN), (B) phosphate, (C) silicate and (D) DIN/P. The thick
black line represents the results of a LOWESS regression. The dashed line and the thin black
line represents the relationship between DIN and P with DIN/P = 8 and DIN/P = 16,
respectively.
fraction of large phytoplankton (fig. 5A) or total biomass (fig. 5B) and changing DIN/P
values. The projected distribution of silicate showed an increase in the fraction of large cells
with increasing silicate. However, due to large variations in the fraction of large
phytoplankton at high silicate concentrations, the Kruskal Wallis did not find the overall
pattern to be significant (fig. 5B).
Although, the Kruskal Wallis test just failed to achieve significance, a subsequent test of
whether the median fraction of large cells could be considered different between the group
comprising the 25 % lowest silicate concentrations and the group comprising the 25 % highest
silicate concentrations revealed a significant difference (p = 0.028). For total biomass, we
found a significant difference in the median fraction of large phytoplankton between the three
silicate groups. The relationship was, however, not linear with the median fraction of large
phytoplankton being lowest at intermediate silicate concentrations and high at both low and
high silicate concentrations (fig. 5D).
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Figure 4: Bi-variate log-log plots and boxplot patterns at DIN/P < 8. (A-B) Fraction large
phytoplankton and (C-D) total phytoplankton biomass vs. dissolved inorganic nitrogen.
Projected on the bi-variate plots are the 25 % lowest observations (open circles) and the 75
% highest observations (closed circles) of (A,C) DIN/P and (B,D) silicate. The boxplots
represent the observations in each of the three groups (< 25 %, 25-75 % and > 75 % of
concentration observations) and the p-value refers to a Kruskal-Wallis test examining
differences in the median between groups. The thick black line represents the results of a
LOWESS regression.
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Figure 5: Bi-variate log-log plots and boxplot patterns at DIN/P = 8-16. (A-B) Fraction
large phytoplankton and (C-D) total phytoplankton biomass vs. dissolved inorganic nitrogen.
Projected on the bi-variate plots are the 25 % lowest observations (open circles) and the 75
% highest observations (closed circles) of (A,C) DIN/P and (B,D) silicate. The boxplots
represent the observations in each of the three groups (< 25 %, 25-75 % and > 75 % of
concentration observations) and the p value refers to a Kruskal Wallis test testing differences
in the median between groups. The thick black line represents the results of a LOWESS
regression.
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Regional patterns in community size structure and biomass
Regional scale patterns in the fraction of large phytoplankton, total biomass, and nutrient
concentrations are presented in figure 6. The median fraction of the percentage of total
biomass represented by large celled phytoplankton was around 10 %, lowest in the Indian
Ocean Sector and the Western Atlantic (around 3-4 %) and highest in the Southern Ocean
(around 30 %) (fig. 6A). The median total biomass (using chlorophyll as a proxy) varied
between regions with the lowest median biomass being observed in the Western Atlantic
(around 0.1 µg l-1) and the highest being observed for the North Eastern Atlantic (around 11
µg l-1) (fig. 6B). The patterns for DIN (fig. 6C) and P (fig. 6D) also showed large variations
between regions, with the highest concentrations being observed in the Eastern Pacific and the
Southern Ocean (around 12-20 µM and 1-2 µM for DIN and P, respectively). The median Si
concentration was around 1-3 µM with very high concentrations being observed in the
Southern Ocean (around 35 µM) (fig. 6E). The median DIN/P ratio was around 10-16 in most
regions with low median DIN/P ratios found in the Indian Ocean Sector, the Western Atlantic
and Western Pacific (around 2-3) (fig. 6F)
The primary and secondary nutrients identified as being controlling for the fraction of
large cells (table 3) and total phytoplankton biomass (table 4) differed considerably between
regions. Furthermore, the result showed differences in the importance of nutrients in each
region between the fraction of large phytoplankton and biomass which indicates that the size
of phytoplankton and the overall phytoplankton biomass are controlled by different nutrients
in the same region.
Assuming that statistical dependence on nutrients can be taken as an indication of the
magnitude of control of phytoplankton community size structure and total biomass, our
results indicate that control by single nutrient limitation is rare and that in most regions,
phytoplankton community size structure and total biomass are controlled simultaneously by
two or more nutrients (table 3 and 4). Thus, for the fraction of large phytoplankton (table 3),
we identified two regions where a single nutrient (or ratio) accounted for the majority of the
variation. In all other regions, as well as for all phytoplankton biomass in all regions, either
two primary nutrients were required to account for the majority of variation or other nutrients
could not be statistically ruled out as being important (i.e. secondary controlling nutrients).
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Ocean region

Primary controlling
nutrient(s)
Si
P

Secondary controlling
nutrient(s)
DIN, DIN/P

Primary controlling
nutrient(s)
(P, Si, DIN/P)*
(DIN, DIN/P)*

Secondary controlling
nutrient(s)
-

n

R2adj.

Eastern Atlantic
26
0.24
Eastern Pacific
28
Indian Ocean Sector
37
0.38
North Eastern
P
DIN, DIN/P
37
0.26
Atlantic
North Western
DIN/P
21
0.43
Atlantic
Southern Ocean
DIN, P, DIN/P
Si
37
0.21
Western Atlantic
P
Si
40
0.50
Western Pacific
P, Si
34
0.09
Table 3: Primary and secondary nutrients controlling phytoplankton size structure (fraction
of large phytoplankton) in different ocean regions of the world. Evaluations of the nutrients
are based on the Akaike information criterion and model details can be found in the
supplementary material, appendix 2.

Ocean region

n

R2adj.

Eastern Atlantic
26
0.28
Eastern Pacific
28
Indian Ocean Sector
37
0.38
North Eastern
(DIN, P)*, Si, DIN/P
37
0.57
Atlantic
North Western
P, Si
21
0.27
Atlantic
Southern Ocean
P, Si
DIN, DIN/P
37
0.34
Western Atlantic
(DIN, P)*, DIN/P
40
0.66
Western Pacific
34
Table 4: Primary and secondary nutrients limiting total phytoplankton biomass (total
chlorophyll a in different ocean regions of the world. Evaluations of the nutrients are based
on the Akaike information criterion and model details can be found in the supplementary
material, appendix 2. The star (*) represents nutrients where the analysis could not
differentiate between their statistical contribution to the variation explained (i.e. nutrient are
correlated and we cannot statistically determine which is responsible for the assumed causal
relationship).
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Figure 6: Boxplots of the observations in each ocean region of (A) fraction of large
phytoplankton, (B) total phytoplankton biomass (total chlorophyll a), (C) dissolved inorganic
nitrogen (DIN), (D) phosphate (P), (E) silicate and (F) the DIN/P ratio. All variables are logtransformed. EA = Eastern Atlantic, EP = Eastern Pacific, IOS = Indian Ocean Sector,
NEA = North Eastern Atlantic, NWA = North Western Atlantic, SO = Southern Ocean,
WA = Western Atlantic and WP = Western Pacific.
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Discussion
Global nutrient limitation patterns
Both phytoplankton community size structure and total phytoplankton biomass in the global
open ocean are here shown to be statistically dependent on all of the inorganic nutrients
measured (DIN, P and Si) as well as on the DIN/P ratio. Assuming that statistical dependence
can be interpreted as being a proxy for exerting bottom-up control by nutrient limitation (see
the methods section), we conclude that all the measured nutrients as well as the DIN/P ratio
play a significant role in controlling the size structure and biomass of open water marine
phytoplankton. Other studies, using nutrient enrichment experiments, have come to similar
conclusions (Downing et al. 1999; Elser et al. 2007), but these experiments were mainly
performed in coastal P enriched waters and provided no direct evidence of similar N and P
addition effects in the open ocean. In this study, we extend the empirical evidence from
coastal based enrichment studies to the open ocean and show that P is at least as important as
N in describing both phytoplankton size and total biomass on a global scale. Furthermore, the
variation in silicate (Si) also added significantly to describing the variation in both response
variables, despite the fact that Si is only mechanistically linked to subsets of the
phytoplankton community (primarily diatoms).
The overall patterns emerging from the study are probably driven by region-specific
limitation patterns. The combination of these regional patterns results in all nutrients
becoming important at the global scale. The global analysis, therefore, has two major
implications: Firstly, no single nutrient (e.g. N limitation) can be considered the primary
nutrient controlling phytoplankton total biomass and phytoplankton community size structure
in the ocean. Secondly, other nutrients than N and P as well as nutrient ratios (in our study
silicate and the DIN/P ratio, but probably also concentrations and ratios of micro nutrients
such as iron and cobalt) play important roles as limiting nutrients in the world ocean.
Although other nutrients than N have been shown to limit primary production (CavenderBares et al. 1999; Krom et al. 1991; Boyd et al. 2000), these patterns have traditionally been
seen as deviations from the general rule of N limitation. Our study indicates no evidence of a
general rule, i.e. an overall limitation of phytoplankton total biomass or the fraction of large
phytoplankton by a single nutrient. The notion of there not being a single limiting nutrient has
been suggested by others (Downing et al. 1999; Arrigo 2005) but never before been shown for
the open ocean on the global scale.
The DIN/P ratio as a regulating factor
In the global model, DIN/P came out as being a significant predictor of both the fraction of
large phytoplankton in the community as well as total biomass. The bi-variate plots showed
that the fraction of large phytoplankton and total biomass were generally greater at DIN/P
ratios between 8 and 16 than at lower (and higher) ratios. Overall, this supports the findings of
Elser et al. (2007) and Harpole et al. (2011), who reported synergetic effects of high
concentrations of both N and P on community biomass. The analysis of Harpole et al. (2011)
suggested co-limitation by N and P and not serial limitation (sensu Craine 2009) in one third
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of their experiments which would indicate that the N/P ratio of the supply could play a role in
controlling primary production in addition to total concentrations of N and P.
The concept of nutrient ratios playing a role in structuring phytoplankton communities
is not new and was included in Tilman’s monograph (1982) on resource competition.
Essentially, the theory describes how interactions between multi-nutrient ratios in the
environment and species-specific nutritional needs (internal multi-nutrient ratios) differentiate
niche space and allow species to co-exist despite competition for the same resources (Tilman
1982, pp.139–189). The theory implies that organisms are better competitors in environments
that resemble their nutritional needs.
Although large interspecific differences in internal stoichiometry exist (Hecky et al.
1993), there is evidence of fundamental and evolutionarily derived differences between major
groups (Quigg et al. 2003). Interestingly, the prymnesiophytes, diatoms and dinoflagellates
are all reported to have internal N/P ratios between 8 and 10. All of these groups are very
common in the ocean, and especially diatoms are often very abundant (with a high total and
relative biomass) in seasonally stratified areas with high N and P concentrations (Barlow et al.
1992; Arrigo et al. 1999; Wasmund et al. 1998). Furthermore, both diatoms and
dinoflagellates are relatively large (at least in relation to the 10 µm cut-off used in this study)
(Finkel et al. 2010) and are probably a large constituent of the phytoplankton community at
stations where the fraction of large phytoplankton is high. Thus, in this study, we hypothesize
that phytoplankton groups associated with high N and P concentrations (such as large
diatoms) gain an additional competitive advantage at DIN/P values in the range of 8-16,
ultimately leading to the synergistic effects of DIN, P and DIN/P = 8-16 on the fraction of
large phytoplankton and total biomass observed in this study.
Community size structure and biomass at DIN/P < 8
DIN and DIN/P are correlated with each other, thus making it difficult to differentiate
between their potential effects on the fraction of large phytoplankton and total biomass.
However, the relationship between the fraction of large phytoplankton and total biomass and
DIN at low (< 8) DIN/P, showed no evidence of increases in size or biomass with increasing
DIN concentrations at low DIN concentrations (< 0.3 µM) even though both the growth rate
and biomass of phytoplankton should be limited at these concentrations. At DIN
concentrations higher than 0.3 µM, a linear increase in both the fraction of large
phytoplankton and total biomass was recorded but, in these samples, the DIN/P ratio was
always relatively high (between 4.5 and 8). In other words, we only observed an increase in
the fraction of large phytoplankton and total biomass with increasing DIN at stations with
relatively high DIN/P ratios. Furthermore, Si was not correlated with either total biomass or
the fraction of large phytoplankton, which may indicate that diatoms were a less important
component of the phytoplankton community under these nutrient regimes than in others.
Ocean regions with low DIN concentrations and low DIN/P ratios in this data set were
the Indian Ocean Sector, the Western Atlantic and the Western Pacific. More specifically,
most of these data points came from the Sargasso Sea and the Solomon Sea region. These
three ocean regions are extremely oligotrophic and nitrogen fixing species are common
(Galloway et al. 2004; Carpenter & Price IV 1977; Whitton et al. 1979). If nitrogen fixing
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species constitute the majority of the phytoplankton community, the community would
probably be P and/or Fe co-limited (Arrigo 2005; Mills et al. 2004) which could explain why
we observe no increase in the fraction of large phytoplankton or total biomass with increasing
N. At higher DIN/P ratios, however, the advantage of N fixation lessens and this could lead to
an increase in non-N fixing species and, thus, an increasing dependence on the ambient N
concentrations. Although this interpretation does not provide direct evidence of a synergetic
effect on phytoplankton size and biomass at DIN/P ratios between 8 and 16, it does illustrate
that the water DIN/P ratio can play a significant role in controlling community structure.
Community size structure and biomass at DIN/P > 8
At DIN/P ratios between 8 and 16, we found no significant relationship between either
phytoplankton community size structure or total biomass and DIN/P. Despite being
insignificant, however, there was a tendency for the phytoplankton biomass to decrease with
increasing DIN/P such that the greatest phytoplankton biomasses were generally found at
DIN/P ratios around 9. This DIN/P ratio is interesting because it is similar to the internal
stoichiometry of several groups (e.g. diatoms (Quigg et al. 2003)) often reported as being
abundant in regions with seasonally high nutrient concentrations (Barlow et al. 1992; Arrigo
et al. 1999; Wasmund et al. 1998). The fraction of large phytoplankton in the community was
found to be higher for the 25 % highest observations of Si compared to the lowest 25 %
observations. Although this relationship was not found to be very strong, it may indicate that
diatoms are the major group driving this relationship. Further evidence for this hypothesis can
be found in the regional analysis of the North Eastern Atlantic where the DIN/P ratio was
shown to be the only significant predictor of phytoplankton size. When the fraction of large
phytoplankton in the community was plotted against DIN/P, we found a negative relationship
with the fraction of large phytoplankton, on average, being larger at DIN/P ratios around 810. The analysis with total phytoplankton biomass in this region, however, indicated that the
size structure was controlled by P and Si, indicating that diatoms were an important part of
the community here. Thus, even though the evidence is not clear cut, there seems to be
evidence of a synergetic effect on phytoplankton biomass when DIN/P resembles the DIN/P
of the community.
Yield versus rate limitation: phytoplankton total biomass
The global pattern of phytoplankton community size structure found here shows an increase
in the fraction of large phytoplankton with increasing nutrient concentrations for N and P over
the entire range measured (fig. 2A-B). Phytoplankton total biomass, on the other hand, only
shows a positive correlation with nutrient increase for DIN and P from low to intermediate
concentrations (~4 µM and ~0.5 µM for DIN and P, respectively). These patterns are
interesting for at least three reasons: Firstly, they may provide insights to the underlying
source of the nutrient limitation; Secondly, the “non-saturating” size-nutrient relationship
indicates that nutrient concentrations can affect phytoplankton size even at very high
concentrations and; Thirdly, they indicate that, on a global scale, phytoplankton biomass and
phytoplankton size are not necessarily limited by the same nutrient(s) at the same time.
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Although it is rarely explicitly defined, the paradigm of nutrient limitation on large
scales is most often invoked in the scientific literature as referring to yield limitation (sensu
Von Liebig 1855). Under yield limitation, the limiting nutrient will set an upper limit on
community biomass, which can differ between communities due to differences in species
composition. Single nutrient limitation and derivatives such as serial limitation (sensu Craine
2009) usually refer to yield limitation which becomes intuitively easy to understand following
Liebig’s law of the minimum (Von Liebig 1855; de Baar 1994). However, in addition to
having upper limitations set on total phytoplankton biomass, phytoplankton species (and
communities) experience rate limitation (sensu Blackman 1905), where the limiting
nutrient(s) limit biological rates (e.g. growth rate) but not necessarily total biomass.
The distinction between yield and rate limitation of phytoplankton is, therefore, not
trivial. This is not a new revelation and was noted already in 1908 by Nathansohn (in de Baar
1994). Thus, whether yield or rate limitation is of concern should always be defined (see de
Baar 1994; Falkowski et al. 1998). Here, we assume the correlation between phytoplankton
biomass and nutrient concentrations as being driven by yield limitation. This definition is
ignores the fact that phytoplankton biomass is affected by loss processes such as grazing,
sinking and cell lysis, all of which can have important impacts on biomass on local scale
(Kiørboe 1997; Fuhrman 1999; Kiørboe 1993). The impact of these processes on the global
scale is, however, considered of secondary importance compared to nutrient availability
(Kiørboe 1997). From this definition, we interpret the correlation between biomass and
nutrient concentrations as an increase in the biomass which can be supported by the nutrient
availability. Or in other words, decreasing nutrient concentration exerts increasing yield
limitation leading to a decrease in phytoplankton total biomass. The breakdown of the
relationship at high nutrient concentrations, thus, indicates that the biomass is no longer yield
limited by the nutrient concentrations and, instead, phytoplankton total biomass must be
limited by something else (e.g. light or trace metals).
Yield versus rate limitation: phytoplankton community size structure
The mechanistic link between phytoplankton size and nutrient availability depends on
competition theory where the competitive advantage of being small increases with decreasing
nutrient concentrations due to a smaller diffusive boundary layer and a larger surface to
volume ratio (Tilman et al. 1982; Kiørboe 1993). Thus, oligotrophic areas tend to be
dominated by small phytoplankton and vice versa (Chisholm 1992). Being a good competitor
for a limited nutrient allows a species to maintain a high growth rate compared to other less
competitive species and competition for limiting resources (e.g. nutrients) is, therefore,
directly linked to growth rates and rate limitation. Thus, we argue that the correlation between
the fraction of large phytoplankton in the community and nutrient concentrations is being
driven by rate limitation. Again, this explanation ignores the impact of grazing on the
phytoplankton community size composition (see below). Assuming rate limitation as the only
mechanism (bottom-up) controlling phytoplankton size, the linear, positive relationship
between the fraction of large phytoplankton and nutrient increase indicates that nutrients can
affect the growth rate of phytoplankton even at very high nutrient concentrations and
definitely much higher than is usually considered limiting.
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The effect of nutrient increases on growth rate has been studied in the laboratory
extensively in the last century. The typical curve for a single limiting nutrient experiment
follows the Monod curve (Monod 1942) with the growth rate being a saturating function of
increasing nutrient concentrations (e.g. Grover 1997; Sommer 1991; Tilman 1982). The
results of these experiments are species-specific but many species saturate at relatively low or
intermediate concentrations (e.g. lower than 5 µM for various sources of N (Sommer 1991;
Lomas & Glibert 2000). Monod curves for diatoms in relation to Si, however, often show no
saturation or saturation at high Si concentrations (Tilman 1982), directly indicating that Si can
limit the growth rate of diatoms at high concentrations, despite of the diatom’s ability to
dominate natural communities at relatively low concentrations (Egge & Aksnes 1992;
Rynearson et al. 2013). Despite many studies, only a small subset of species has been studied
in the laboratory. It is, therefore, problematic to draw general conclusions with regard to the
concentrations limiting growth rate in real community assemblages and over large spatial
scales.
If phytoplankton community size structure is controlled through rate limitation at high
nutrient concentrations, then this implies a systematic change in the Monod curve to be more
“flat” with increasing size. In the Monod growth model (Monod 1942; Grover 1997), this
change in the curve would translate into a larger half-saturation constant (i.e. an increase in
the concentration at which half the maximal growth rate is reached). In support for this
hypothesis, Hein et al. (1995) in a study encompassing both micro and macroalgae, found a
negative relationship between the half-saturation constant and the surface to volume ratio for
both ammonium and nitrate, indicating that the decrease in N affinity with size continues into
the macro size range. Thus, even though DIN concentrations higher than 10 µM are not
usually considered limiting for the community in general, very high concentrations might still
be required for continued increases in community mean size.
Non-limiting nutrients – a means to escape predation?
Another interesting explanation for the increase in large phytoplankton as a fraction of the
total community biomass at high nutrient concentrations was introduced by Thingstad et al.
(2005) and indirectly relates to grazing. Thingstad et al. proposed that phytoplankton species
would take up non-limiting nutrients in order to increase cell size and, thereby, escape
predation. Grazing of phytoplankton is related to size where smaller species are more likely to
be grazed than large species. Thus, with increasing grazing pressure, the mean size of the
phytoplankton community generally increases due to differential grazing and removal of
small species (Kiørboe 1993) and to phenotypic changes such as colony formation (Hessen &
Van Donk 1993; Wiltshire & Lampert 1999). Through the mechanism proposed by Thingstad
et al. (2005), phytoplankton cells would have another way to decrease the likeliness of being
grazed. In this case, nutrients at high concentrations are not limiting, and the increase in size
is a result of some species being able to utilize the excess nutrient to increase size. These
mechanisms (growth rate limitation and excess uptake of non-limiting nutrients) are,
however, not mutually exclusive and could both be operating the same time. Despite of the
uncertainties, this study raises the interesting question as to whether essential nutrients
(macro- and micronutrients) are ever present in concentrations high enough to argue that
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communities are not growth rate limited.
Regional patterns in nutrient limitation
The overall result that the nutrients, DIN, P and Si and the DIN/P ratio are all important for
explaining the fraction of large phytoplankton and total biomass as well as the observed
differences between the factors limiting fraction of large phytoplankton and total biomass on
the global scale were supported by the regional results. Between ocean regions, different
nutrients explained the majority of the variation in both the fraction of large phytoplankton
and biomass. It should be emphasized, however, that the temporal extent of the data set for
each region is probably too small to make general conclusion and instead the results should be
interpreted as being a snapshot of the situation under specific seasonal and meteorological
conditions. That being said, some areas experience less seasonal variation in water column
characteristics than others. In such regions (e.g. the Indian Ocean and the Sargasso Sea) the
results are more likely to represent the general pattern for these areas than in, for example,
seasonally stratified regions in temperature regions (e.g. the North-eastern Atlantic).
It should also be noted that the patterns presented here are based on a statistical analysis
and, as in all correlation studies correlation does not automatically imply causality.
Furthermore, the statistical analysis is limited to the inorganic nutrients measured and we
cannot rule out that other factors (e.g. trace metals), correlated with these nutrients are the real
forcing factor behind the patterns. For example, our analyses show that the primary
controlling nutrients for phytoplankton total biomass in the Southern Ocean are P and Si.
However, it is well known that Fe is the primary limiting nutrient of phytoplankton biomass
in this region (Boyd et al. 2000; Salter et al. 2012) but, as we have not measured Fe during
this investigation, we could not include it in our analyses. It is important, therefore, to stress
the obvious fact that our results only show the relative importance of the nutrients measured.
For each region, we can argue whether or not the controlling nutrients represent real
causal relationships but the most interesting result is probably that we no clear pattern emerge
between the primary and secondary controlling nutrients and phytoplankton community size
structure and biomass within the ocean regions investigated. Assuming yield and rate
limitation as the underlying mechanisms controlling biomass and community size structure,
there is no a priori reason why they should be the same for all regions. Yield and rate
limitation are, however, interrelated (Saito et al. 2008; Saito & Goepfert 2008) and we would
have expected some regions to show similar patterns.
Several mechanisms can potentially explain why the phytoplankton total biomass and
phytoplankton community size structure are controlled by different (co-)limiting nutrient(s).
The relationship between ambient nutrient concentrations and nutritional needs of the
community, for example, can affect size and biomass differently. An obvious example is that
diatoms need Si in addition to other micro- and macronutrients whereas most other taxonomic
groups do not require Si. Thus, we can imagine a situation where a low Si concentration limits
the size of diatoms and, thereby mean community size, but where the rest of the community is
limited by another nutrient such as DIN or P. This could explain the pattern observed for the
Western Atlantic where the nutrient concentrations are generally low and where the analysis
indicates possible co-limitation of phytoplankton size by P and Si, whereas biomass is more
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likely co-limited by P and DIN. As we have very little knowledge on how interactions
between different nutrients work together to co-limit phytoplankton biomass and size at the
community scale, we can easily see this mechanism being extended to other nutrient
constellations. It is clear that much more research is needed in order to understand the
interactive roles of ambient concentrations of both macro- and micronutrient in
(co-)controlling phytoplankton biomass and community size structure.

Conclusion
Here, macroecological patterns in total biomass (measured as total chlorophyll a) and in
phytoplankton community size structure (measured as the fraction of total chlorophyll a
originating from phytoplankton larger than 10 µm) in the open ocean (depth > 400 m) are
investigated in relation to ambient concentrations of inorganic nitrogen, phosphorus, silicate
and the DIN/P ratio. The global models indicate that all nutrients measured, as well as the
DIN/P ratio, add significantly to the explanation of both phytoplankton total biomass and
phytoplankton community size structure. This strongly indicates that all these nutrients are
important in controlling phytoplankton biomass and community size structure at the global
scale. Based on these analyses, we have to reject the hypothesis that any one nutrient is the
primary limiting nutrient in the ocean.
Also at the global scale, we found a positive linear relationship between total
phytoplankton biomass and increasing nutrient concentrations of nitrogen and phosphorus at
low to intermediate concentrations and a positive linear relationship between the fraction of
large phytoplankton in the community in the entire concentration range measured for nitrogen
and phosphorus. We interpret these results as yield limitation being exerted on phytoplankton
biomass until intermediate values with a change to limitation by an unknown factor at high
values. The non-saturating relationship between the fraction of large phytoplankton in the
community and nutrient concentration, on the other hand, indicates that phytoplankton could
be rate limited, even at very high concentrations. Furthermore, we found a strong increase in
both phytoplankton total biomass and the fraction of large phytoplankton in the community at
DIN/P values between 8-16 which supports large scale coastal studies (Elser et al. 2007;
Harpole et al. 2011) of a strong synergetic effect and possible co-limitation of these two
elements. This further indicates that nutrient ratios can play an important direct role in
controlling phytoplankton communities, not only their biomass but also their composition.
At the regional scale, the statistical analysis generally suggests multi-nutrient colimitation of both phytoplankton total biomass and community size structure which supports
local scale studies of widespread co-limitation at the community scale. In addition, we found
differences in the controlling nutrient of phytoplankton total biomass and community size
structure within regions, strongly indicating that yield and rate limitation of these community
traits are not necessarily controlled by the same co-limiting nutrient(s).
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Abstract
The Black Sea has been subject to increased levels of nitrogen and phosphorous loading and a
decrease in silicate input since the late 1960s. Changes in the phytoplankton community
composition from diatoms to non-diatom groups have been attributed to the decrease in
silicate. However, discrepancies between the decreasing silicate input and the increasing
silicate pool in the deep sea reported by Konovalov and Murray (2001), imply that another
silicate source exists, challenging the current paradigm of widespread silicate limitation. In
this study, we investigate changes in the dissolution state of siliceous protists over the last 100
years through a paleoecological study of a sediment core in the southern Black Sea. The
results show a decline in the dissolution state starting around 1970 corresponding with the
time of significant human induced changes in nutrient input. We hypothesize that the decline
in the dissolution state is caused by increased recycling of biogenic silica in the water column,
implying that nutrient enrichment was the major forcing factor for the structural changes in
phytoplankton community dynamics, with the decrease in silicate probably playing only a
minor role. This hypothesis accounts for the increased silicate pool in the deep sea and does
not conflict with the well documented biological and hydrogeochemical patterns reported for
the Black Sea.

Introduction
The Black Sea is a semi-enclosed basin that has been subject to human induced nutrient
enrichment through river discharge following the industrial and agricultural development of
the surrounding countries after the 1960s (Cociasu et al. 1996; Mee 1992; Oguz 2005b). The
north-western shelf receives about 87 % of the total riverine water input to the Black Sea with
the Danube and Dnieper rivers being the main contributors and supplying about 70 % and 15
% of the total input, respectively (Murray et al. 2007). Estimates of nutrient loading indicate a
five-fold increase in dissolved nitrogen (N), a two-fold increase in dissolved phosphate (P)
and a decrease in dissolved silicate (dSi) by a factor of three from the 1960s to the late 1980s
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(Cociasu et al. 1996). Increased nutrient loading led to increased eutrophication all over the
basin with several effects being noted both in the pelagic and benthic ecosystems (Bodeanu
1993; Humborg et al. 1997; Mousing et al. 2013; Oguz 2005b; Yunev et al. 2005).
Dissolved silicate as a limiting nutrient in the Black Sea has been extensively debated
over the last two decades. Cociasu et al. (1996) hypothesized that the decrease in dSi
discharge after the 1970s was caused by the construction of the Iron Gate I dam on the
Danube River. They argued that intense diatom blooms in the dam reservoir followed by
sedimentation would work as an efficient dSi sink reducing the discharge of dSi to the coastal
Black Sea zone, a mechanism otherwise known as “the artificial lake effect”. Their hypothesis
was opposed by Teodoru et al. (2006), who investigated the accumulation of biogenic Si
(BSi) in the sediments of the Iron Gate I reservoir and in the Danube delta and found little
evidence for an “artificial lake effect” with only 5 % of the dSi being retained in the reservoir.
Instead, these authors argued that the combined effect of many river impoundments and
increased turbidity due to upstream sedimentation were responsible for the changes in Si
transport to the coastal Black Sea.
Regardless of the mechanisms responsible, investigations of dSi concentrations on the
north-western shelf and in the open Black Sea have shown a decrease after the 1970s
(Cociasu et al. 1996; Konovalov & Murray 2001; Tugrul et al. 1992). In contrast,
concentrations of inorganic N and P have increased in the entire basin leading to decreasing
ratios of dSi:N and dSi:P (Humborg et al. 1997; Tugrul et al. 1992). Humborg et al. (1997)
reported a shift in the dominating bloom forming group, i.e., from diatoms to non-diatom
species, and argued that the extreme changes in the dSi:N ratio (from 42 to 2.8), were the
primary forcing factor for the changes in phytoplankton community composition and that the
impact of this decrease was larger than that caused by eutrophication alone. Other researchers
have drawn similar conclusions on the effect of the decreasing dSi concentration; e.g. changes
in the phytoplankton community composition towards non-siliceous species (Bodeanu 1993),
increasing dinoflagellate diversity vs. diatoms diversity (Eker-Develi & Kideys 2003) and
changes in the diatom community composition from large to small diatoms (Mousing et al.
2013).
Although the decreasing dSi pattern in the upper layers of the Black Sea correlates with
the reduced discharge of dSi (Konovalov & Murray 2001; Tugrul et al. 1992) and with
alterations in phytoplankton community dynamics (e.g. Eker-Develi & Kideys 2003;
Humborg et al. 1997), a discrepancy still exists. Konovalov et al. (1999; 2001) reported a
two-fold increase in the dSi concentration in the deep anoxic waters. This increase seemed to
be too high in relation to the riverine discharge reported by Humborg et al. (1997) and was
surprising, as a decrease in the surface dSi concentration should lead to a decreased
downward flux of BSi and dSi. The authors were not able to identify any analytical or
methodological problems associated with the measurements and concluded that the opposing
trends represented real variations. This raises several questions relating to the underlying
mechanisms driving the increased dSi concentration in the deep layer and to the dSi source in
an environment where the dSi input, in general, was decreasing.
The primary source of dSi in aquatic systems is terrestrially derived from weathering of
silica-containing minerals transported to the ocean via rivers (Millot et al. 2002; Tréguer &
De La Rocha 2013; Tréguer et al. 1995). Dissolved inorganic silicate is the form taken up by
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diatoms and is the form usually measured by standard methods (as silicic acid). However,
recent studies suggest that BSi recycling as a significant dSi source should also be considered
(Ragueneau et al. 2010). In the Black Sea, Ragueneau et al. (2002) investigated
biogeochemical transformations of the major inorganic nutrients on the north-western shelf
and found evidence of intense recycling of BSi with dissolution taking place both in the water
column and in the sediments. Other studies have shown a similar importance of BSi recycling
when other sources were limited (e.g. Adjou et al. 2011; Beucher et al. 2004).
In this study, we hypothesize that the increase in dSi in the deep layers of the Black Sea
originates from increased recycling of the sinking BSi. To investigate this, we examine the
dissolution state of siliceous protists in a sediment core from the southern Black Sea. Changes
in the species composition and abundance in this sediment core have been reported to
correlate with the increasing P concentration on the north-western shelf indicating that the
southern Black Sea was heavily influenced by the discharge of nutrient enriched water from
the Danube River (Mousing et al. 2013), a situation similar to most other major areas of the
Black Sea (Cociasu et al. 1996; Sur et al. 1996; Yunev et al. 2002).

Methods
The sediment core (25-MUC-2) used in this study was collected in the southern Black Sea on
board the RV Meteor (cruise M72-3b) in March 2007. It was collected at 418 meters depth
with a multiple corer at 42° 6.212’ N / 36° 37.460’ E (see Mousing et al. 2013, fig. 1). The
core was then stored for 1.5 years at 4 °C in the dark before being used. The uppermost 10 cm
of the core were sub sampled in the middle of the core using a u-channel, cut into samples of
0.5 cm width (depth), and freeze dried (Heto FD5-66) for 96 hours.
The core was dated using 210Pb-dating at the Gamma Dating Centre, Institute of
Geography and Geology, University of Copenhagen, Denmark. The samples were analyzed
for the activity of 210Pb, 226Ra and 137Cs via gamma spectrometry. Afterwards, CRS-modeling
(Constant Rate of Supply) was applied to date the individual samples (Appleby 2001).
Samples for enumerating siliceous protists were prepared following the method of
(Renberg 1990). Literature used for species identification included Krammer and LangeBertalot (1991; 2004; 1988; 1986), Hasle and Syvertsen (1996) and Throndsen et al. (2003).
The species were identified and counted using phase contrast at 1000x on an Olympus BH-2
light microscope. In all samples, at least 200 microfossils were counted. Changes in species
abundance and composition as well as a detailed description of the methodology are described
in Mousing et al. (2013).
In order to quantify the dissolution state of the Si utilizing species we calculated a
dissolution index (Fi) for each species (Ryves et al. 2001). While enumerating, specimens
were categorized as being either ‘pristine’ (showing no signs of dissolution) or ‘dissolute’
(showing signs of dissolution). Fi was then calculated using equation (1).

𝐹𝑖𝑗 =

𝐹𝑝𝑗
𝐹𝑡𝑗

(1)

Where Fij is the dissolution index of species j, Fpj is the count of pristine microfossils of
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species j and Ftj is the total count of microfossils of species j in a given sediment layer.
In order to evaluate the dissolution state in each sample, we calculated a sample based
dissolution index (Fs) (Flower & Likhoshway 1993) inferred from the Fi of individual species
in a given sample (m species) using equation (2). In the calculation of Fs, only the most
abundant species contributing more than 5 % of the total abundance were included in order to
avoid the potential bias associated with the low precision of Fi estimates introduced by the
low number of counts for the rare species.

𝐹𝑠 =

∑𝑚
𝑗 𝐹𝑝𝑗
∑𝑚
𝑗 𝐹𝑡𝑗

(2)

Both equations (1 and 2) produce a number between 1 and 0 where 1 describes a perfectly
preserved microfossil species (sample) without any signs of dissolution an 0 describes a very
badly preserved species (sample) where all the observed microfossils show signs of
dissolution.
Ryves et al. (2001) found a strong linear relationship between the Fs index and the
percentage of biogenic Si dissolved (dBSi%) in relation to the original BSi content. Thus, Fs
can provide insight into BSi recycling. Here, we apply the relationship suggested by Ryves et
al. (2001, fig. 4b) in order to quantify changes in the dissolution state of BSi through time
(equation 3).

Results

𝑑𝐵𝑆𝑖% = (0.97 − 𝐹𝑠) × 100%; (𝐹𝑠 < 0.97)

(3)

The chronology showed a rapid decrease in sediment age with increasing depth and an age of
approximately 100 years was reached at 2.75 cm depth (table 1). This is in agreement with
Ross et al. (1970) who estimated the sedimentation rate of the same area to 1-3 cm per 100
years. The chronology was considered very reliable with low errors on the dates (Mousing et
al. 2013).

Depth
Age
Age error
Date
Accumulation rate
Accumulation rate
-2
-1
(cm)
(year)
(year)
(year)
(kg m year )
error (kg m-2 year-1)
0
2008
0.25
8
2
2000
0.13
0.01
0.75
23
2
1985
0.11
0.01
1.25
38
3
1970
0.13
0.01
1.75
54
4
1954
0.14
0.02
2.25
75
5
1933
0.11
0.02
2.75
95
6
1912
0.11
0.02
Table 1: Results from Constant Rate of Supply modeling of sediment age and sediment
accumulation rate.
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Taxa
Relative abundance (%)
Achnantes brevipes Agardh
0.1
Cocconeis scutellum Ehrenberg
0.1
Coscinodiscus radiatus Ehrenberg
0.3
Coscinodiscus spp. Ehrenberg
1.0
Cyclotella choctawhatcheeana Prasad
22.3
Cyclotella meneghiniana Kützing
7.2
Dictyocha octonaria Ehrenberg
19.5
Dictyocha speculum Ehrenberg
3.2
Hermesinum adriaticum Zacharias
9.0
Nitzschia spp. Hassall
0.3
Pseudo-nitzschia spp. Peragallo
0.1
Pseudosolenia cf. calcar-avis (Schultze) Sundström
7.2
Thalassionema frauenfeldii (Grunow) Hallegraeff
6.1
Thalassionema nitzschioides (Grunow)
1.9
Mereschkowsky
Thalassiosira oestrupii (Ostenfeld) Hasle
17.4
Thalassiosira eccentrica (Ehrenberg) Cleve
1.2
Thalassiosira spp. Cleve
1.2
Unidentified taxa
1.0
Table 2: Taxonomic list showing the relative abundances and mean Fi.

Mean Fi
0
0
0
0
0.21
0.19
0.47
0.54
0.51
0
0
0.08
0
0.48
0.20
0
-

For all the most abundant species (constituting more than 5 % of the total abundance)
we found enough microfossils to estimate changes in Fi through time. Pseudosolenia cf.
calcar-avis represented a special case, however. This species constituted 7.2 % of the total
abundance but only the processes of its frustules were found. As the processes constitute only
a very small part of the entire frustule, it was not possible to reliably assess the dissolution
state. However, many of the less dominant species had a dissolution index (Fi) of 0, meaning
that all microfossils of these species showed signs of dissolution (table 2). The sample
dissolution index (Fs) and the percentage of dissolved BSi (dBSi%) (fig. 2A,B) shows a linear
increase from around 1913 to 1954, corresponding to a decrease in dBSi% from about 85 %
to 55 %. After 1954, in the period from around 1970 to 2000, however, this linear decrease
changes to a relatively stable Fs, corresponding to a dBSi% of about 53 % until around 1985
when a subsequent sharp decrease in Fs is noted. This stabilizes at a dBSi% of about 75 %
around year 2000.
This pattern is seen in five of the six dominant species (Cyclotella choctawhatcheeana,
Cyclotella meneghiniana, Thalassionema frauenfeldii, Dictyocha octonaria and Hermesinum
adriaticum) which exhibited a similar patterns in Fi through time with an increase in Fi from
around 1913 to a maximum between the years 1950 and 1985 and a subsequent decrease after
about 1985 (fig. 1A-C,E-F). For all of these species except Hermesinum adriaticum, Fi
decreased to zero around 2000, i.e. similar to or lower than the Fi calculated in the early
1900s (fig. 1A-C,E). An exception to this general pattern was seen with the diatom,
Thalassiosira oestrupii (fig. 1D), where the opposite pattern was noted with a drop in Fi
between the years 1954 and 1985 and a maximum Fi found around 2000.
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Figure 1: Species dissolution index (Fi) against sediment age for Cyclotella
choctawhatcheeana (A), Cyclotella meneghiniana (B), Thalassionema frauenfeldii (C),
Thalassiosira oestrupii (D), Dictyocha octonaria (E) and Hermesinum adriaticum (F).
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Figure 2: (A) Sample based dissolution index (Fs) and (B) estimated biogenic silica
dissolution state (dBSi%) against sediment age.

Discussion
Globally, approximately 50-60 % of the BSi produced by diatoms is dissolved within the
upper 50-100 meters of the water column (Nelson et al. 1995; Van Cappellen et al. 2002). The
permanent pycnocline in the Black Sea is positioned at 50-200 meters depth (Murray et al.
2007). Thus, recycled dSi from the dissolution of BSi is a potential dSi source in the surface
waters. In this study, we document a linear decrease in dBSi% from around 1913 to 1954.This
indicates a relatively stable environment and we hypothesize that siliceous protists were
relatively intact during this period when they settled to the ocean floor and were subsequently
slowly dissolved over time in the sediment. After around 1970, however, the dBSi% displays
a much higher dBSi%, exceeding the global average for the year 2000 by about 25-35 %. This
strongly indicates a change in one or more of the factors affecting the dissolution of BSi.
The primary factors affecting the dissolution rate of BSi are temperature, in situ dSi
concentrations and time (Rickert et al. 2002; Van Cappellen et al. 2002, and references
within). Although the Black Sea has experienced minor temperature changes over the last 100
years (Oguz 2005a), these would seem unlikely to have had a major impact on the dissolution
rate of BSi. Furthermore, although we have no information on changes in the dSi
concentration in the sediment pore water, it is unlikely that fundamental changes in the
sediment should be responsible for the pattern documented here. Considering the well
documented development of nutrient enrichment (Cociasu et al. 1996; Konovalov & Murray
2001; Tugrul et al. 1992), it seems much more likely that the decline in the dissolution state of
siliceous protists starting after around 1970 is caused by increased dissolution of BSi in the
water column.
The observed discrepancy between the decreasing dSi input and the increasing dSi
concentration in the deep layers (Cociasu et al. 1996; Konovalov & Murray 2001; Konovalov
et al. 1999; Tugrul et al. 1992), can be explained by an increased dissolution of BSi in the
water column resulting in a decrease in the inventory of BSi in the sediment. The mechanisms
behind this pattern, however, are not straight forward. If the decrease in dSi input were the
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primary factor resulting in increased dissolution of BSi in the water column after 1970
(similar to the mechanism proposed by Humborg et al. (1997)), then we would expect similar
patterns of change in the dSi inventories in both the upper and lower water layers as well as in
the sediment. As this is not the case, there must be other mechanisms responsible for the
accumulation of dSi in the deep layer.
Konovalov et al. (1999) found an increase in the sulfide concentration in the deep layer
after the 1970s indicating increasing primary production and downward flux of organic
material. This is also a potential explanation for the increase in dSi in the deep layer if a
plausible dSi source can be identified. In their article, Konovalov et al. suggest the sediment
as the dSi source with intensive transport of dSi from the sediments to the euphotic layer.
There is probably a small flux of dSi from the sediment/deep waters to the euphotic layer
because dSi is not consumed in suboxic zone (contrary to N and P (Kuypers et al. 2003;
Murray et al. 1995)). However, the permanent pycnocline significantly limits water mixing
between the deep and euphotic layers which would reduce the upwards flux of dSi.
Furthermore, the core studied here was collected at 418 meters depth (the average depth of the
Black Sea is about 1,250 meters). Therefore, depth alone should serve as a barrier for
diffusion/transport of dSi from the sediment to the euphotic layer.
Diatoms are known to be very efficient at removing dSi as long as other macronutrients
are available (Egge & Aksnes 1992) and dSi dependent production can, therefore, be high
despite low levels of dSi if we assume high rates of BSi recycling (see also Ragueneau et al.
2002). Here, we hypothesize that the increase in dSi in the deep water of the Black Sea after
the 1970s is caused by an increased dSi dependent production supported by increased
availability of N (and P) coupled with intense recycling of BSi. In the following, we describe
the hypothesized series of events in more detail.
Before the 1970s: In the beginning of spring, concentrations of N, P and dSi were
relatively high due to light limitation during the winter. When the water column stabilized,
diatoms bloomed until the dSi concentration became limiting (Sorokin 1983). During the
summer, the biomass of phytoplankton was generally low due to N limitation above the
pycnocline and the dominant groups were comprised of different flagellates. In autumn,
following slightly increased mixing, a second bloom formed, usually dominated by
Coccolithophores (Sorokin 1983). Eventually, wind induced mixing would result in the depth
of the mixed layer exceeding the position of the critical layer leading to light limitation, thus
restarting the production cycle. Before 1970, then, the primary limiting nutrient over the year
is N and dSi only becomes limiting for a short period following the spring bloom. Under N
limitation, dSi released through the dissolution of BSi in the water column will not support
new dSi dependent production leading to accumulation of dSi in the upper layers.
Furthermore, siliceous protists that sink out of the water column arrive in a relatively pristine
condition on the sediment floor.
After the 1970s: At the beginning of spring, concentrations of N and P were higher than
in the previous period due to the human induced increase in nutrient loadings and low primary
production during the winter (Cociasu et al. 1996). The dSi concentration would be reduced
compared to the period before 1970 but dSi is still available at non-limiting concentrations
(>> 2 µM (Egge & Aksnes 1992; Ragueneau et al. 2002)). When the water column stabilizes,
a spring bloom forms which is still primarily dominated by diatoms but now other groups
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(e.g. dinoflagellates) are more common compared to the period before 1970 (Bodeanu 1993).
Dissolved silicate becomes depleted. However, compared to before 1970, there is no
concomitant depletion of N, which remains available in relatively high concentrations during
the summer and supports additional blooms of dinoflagellates and coccolithophores (Bodeanu
1993; Humborg et al. 1997). Although the dSi concentration is too low to support large
diatom blooms, siliceous protists maintain a high production due to high N and recycled dSi
(from the dissolution of BSi). Thus, in the after 1970 scenario, N does not become limiting
during the year and siliceous protists are, therefore, able to recycle the dSi released from the
dissolution of BSi. This situation is maintained throughout the summer and autumn and
results an increased annual flux of BSi and dSi to the deep layers compared to before 1970 as
well as an increased dBSi% for the siliceous protists reaching the sediment floor.
Our results support and extend upon the work of Konovalov et al. (1999; 2001) and
Ragueneau et al. (2002) and indicate that diatoms (and other siliceous protists) in the Black
Sea, in terms of annual production, were probably not as limited by the decrease in dSi after
the 1970s as has been suggested by several authors (e.g. Humborg et al. 1997; Tugrul et al.
1992). Instead, our results suggest that the major forcing factor for the observed structural
changes in phytoplankton community composition and dynamics observed in the Black Sea
after the 1970s was the general nutrient enrichment (N and P), with the concomitant decrease
in dSi probably playing only a minor role. However, the two mechanisms (decreasing dSi and
increasing N) are not mutually exclusive as the decrease in dSi input, through a generally
lower dSi concentration, has the potential to further increase the dissolution rate of BSi
(Rickert et al. 2002). Still, the increase in blooms of non-diatom species in relation to diatoms
(Humborg et al. 1997) after 1970 would probably have occurred without a decrease in dSi
input as dSi would have been depleted in either case following the spring bloom.
Furthermore, we note that despite of the differences between groups, diatom blooms increased
by a factor 2.5 after 1970 (Humborg et al. 1997) indicating an increased dSi dependent
production, despite the documented decrease in riverine dSi input.
Having to rely on recycled BSi must limit the production rate of siliceous protists to
some extent (depending on the pool and dissolution rate of BSi). This limitation would,
presumably, leave the remaining excess N and P for consumption by other phytoplankton
groups. Our hypothesis is, therefore, not in conflict with the general pattern of a relative
increase in the biomass/production of non-diatom groups (e.g. Bodeanu 1993). Eker-Develi
and Kideys (2003) reported an increase in dinoflagellate diversity compared to diatom
diversity after 1970. Even though the factors controlling diversity of phytoplankton are poorly
understood, there is generally a positive correlation between primary production and diversity
(Irigoien et al. 2004). Therefore, the increased relative diversity of dinoflagellates in the Black
Sea might be explained by an increased primary production of this group due to N and P
enrichment and is not necessarily related to a decrease in diatom diversity caused by dSi
limitation.
In Mousing et al. (2013), the authors reported a four-fold increase in the abundance of
siliceous protists after the 1970s which correlated with the increased nutrient enrichment
(measured as P) on the north-western shelf. The increase was accompanied by a change in the
diatom composition from relatively large diatoms (e.g. Thalassiosira oestrupii) to small
diatoms (Chaetoceros choctawhatcheeana). They concluded that the pattern was caused by
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increased N and P enrichment coupled with a decrease in dSi. Although their study cannot
prove whether the change from large to small diatoms were caused by a decrease in dSi, an
increase in N and P or a combination of these factors, it does present insight as to how a high
Si dependent production can be maintained at low dSi concentrations. According to resource
competition theory, a small diffusion boundary layer and a large surface to volume ratio give
smaller species an advantage relative to larger species at low nutrient concentrations (Kiørboe
1993; Tilman et al. 1982). Furthermore, sinking rate increases rapidly with cell size (Finkel et
al. 2010; Kiørboe 1993) giving small species an advantage in a stable water column.
Therefore, if the compositional changes reported in Mousing et al. (2013) can be extended to
the rest of the Black Sea, a change from large to small diatoms after the spring bloom would
increase the efficiency of dSi uptake under low concentrations which would be the result of a
gradual supply from the dissolution of BSi.

Conclusion
In the present study, we investigate changes in the dissolution state of siliceous protists in the
Black Sea through the last 100 years. The dissolution state follows an expected linear decline
before about 1970. After 1970, the dissolution state deviates from this pattern and shows
increased dissolution of the siliceous protists in recent sediment layers. This change correlates
with the well documented increase in anthropogenic nutrient loading beginning in the late
1960s as well as the decrease in dSi input following the construction of several dams on the
major rivers. Structural changes in phytoplankton community composition and the relative
dominance of diatoms and non-diatoms observed all over the Black Sea basin have been
related to the decrease in dSi by several authors who, at the same time have downplayed the
potential role of increasing N and P in these structural changes. Here, however, we argue that
the decline in the dissolution state after 1970 is caused by increased N and P with riverine dSi
input being substituted by intense dissolution and recycling of BSi. This hypothesis accounts
for the discrepancy between decreasing dSi input and dSi concentrations in the upper layers of
the Black Sea and the fact that dSi increases in the deep layers and provides a mechanism that
can incorporate all major biological and biogeochemical patterns presented for the Black Sea.
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Abstract
Phytoplankton (chlorophyll-containing > ca. 10 µm) community assemblages in 30 samples
from the Northeastern Atlantic during the onset of the spring bloom in 2008 was examined in
an effort to identify and understand small-scale differences in phytoplankton communities.
Species assemblages divided into two groups; each associated with specific salinity
characteristics. These characteristics corresponded almost exactly with the “patches” formed
by eddy-driven stratification identified by Mahadevan et al. (2012). Beta-diversity in these
“patch” regions correlated with time, while outside the patches, it correlated with space
suggesting that community development within patches was evolving from a similar start
population. Diatoms dominated both within and outside of patches. However, species from
the genus Chaetoceros dominated in the patches and Cerataulina pelagica outside. Within the
patches, the change in Chaetoceros biomass in surface (5 or 10 m) water from the last inpatch sampling date correlated significantly with average turbulence in the water column.
Dissimilarity in both the total and relative contribution of the taxa found outside of the
patches suggests that assemblages sampled here were largely independent of one another.
Canonical correspondence analysis (CCA) of the dominating taxa indicated that nutrient
concentrations were of minor importance for the distribution of the dominating taxa.

Introduction
The species composition of phytoplankton at the onset of the production period (spring
bloom) and in the succeeding weeks/months in the North Atlantic has been described on a
number of occasions (Barlow et al. 1992; Lochte et al. 1993; Sieracki et al. 1993). From these
studies, a general understanding of the seasonal succession in surface waters of various
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phytoplankton groups has emerged, where diatoms are replaced by dinoflagellates and, later,
other flagellated taxa. This pattern of succession is believed to be mediated by changes in
water column stability and availability of nutrients. At smaller temporal and spatial scales,
however, we have very little understanding of the factors leading to heterogeneity in
phytoplankton species community compositions.
Nevertheless, it is becoming increasingly obvious that small scale heterogeneity in the
occurrence of individual species can have important consequences for both ecological and
biogeochemical processes. It has, for example, long been argued that specific heavily
ballasted taxa such as diatoms and coccolithophorids (La Rocha & Passow 2006; Ragueneau
et al. 2006) likely contribute disproportionally to the phytoplankton species which generate an
effective biological pump. However, there is increasing evidence that, even within these
taxonomic groups, there are large differences between the transport efficiencies of individual
species. A number of reasons for particular species being associated with efficient downward
carbon flux have been identified including heavy ballasting increasing sinking rate and/or
reducing grazing or specific life cycle strategies, i.e. spore or cyst formation (Rynearson et al.
2013; Salter et al. 2012; Fujii & Matsuoka 2006; Heiskanen 1993; Smetacek 1985).
It is also well known that not all phytoplankton species are equally represented in the
paleorecord preserved in ocean sediments. In general, it is unclear to what extent the species
remains in the ocean sediments actually represent species that are particularly likely to be
transferred from surface to bottom waters or represent species whose remains preserve better
than others. Nevertheless, Abelmann et al. (2006) argued that it may be possible to use the
remains of some of the specific taxa found in sediments as proxies for prehistoric ocean
conditions.
The prospect of using specific species (or species’ remains) as proxies for past or
present ocean conditions is intriguing. However, this will not be possible without a much
better understanding of the factors controlling biodiversity of the phytoplankton at the
community level. An improved understanding of these factors is also needed in order to better
understand the conditions and processes leading to an effective biological pump. Indeed,
Ragueneau et al. (2006) concluded that in terms of understanding the processes controlling
the biological pump “perhaps the biggest challenge ahead of us is to improve our
understanding of the role of plankton ecology on vertical flux…”.
The purpose of the current study was, therefore, to examine diversity in phytoplankton
communities at the spatial (both horizontal and vertical) and temporal (over 18 days) scales
and to relate this diversity to environmental parameters. The study took place around the
onset of the spring bloom in the North Atlantic in 2008. To our knowledge, phytoplankton
diversity at these scales has never before been analysed in this region. Nevertheless, the North
Atlantic is a particularly interesting region in which to study the factors that may influence
small-scale phytoplankton diversity as it only covers 15 % of global ocean area but is
estimated to have taken up approximately 23 % of the anthropogenic CO2 now found in the
ocean (Sabine et al. 2004; Sabine & Tanhua 2010). Thus, this region appears to be
particularly important for ocean carbon uptake and several studies have suggested that
phytoplankton activity is likely important for the uptake occurring here (Bennington et al.
2009; Takahashi et al. 2009; Körtzinger et al. 2008; Watson et al. 1991).
The period of the spring bloom has, for many temperate regions, been shown to be a
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period of large organic carbon flux from surface to bottom water (Heiskanen 1993).
Conventionally, it has been argued that the spring bloom in the North Atlantic is initiated by
seasonal warming which causes the surface water column to stratify, thus lessening light
limitation of the phytoplankton in the surface layer. Using remotely collected data as well as
data collected on the same cruise as our study, Mahadevan et al. (2012) argued, however, that
the spring bloom we report on here occurred prior to the onset of seasonal stratification and in
patches initiated by eddy-driven slumping of the basin-scale north-south density gradient.
Thus, the working hypothesis for our study was that phytoplankton diversity and community
development might differ within and outside of these spring bloom “patches”.

Methods
Sampling and enumeration
Phytoplankton samples were collected at one or two depths (5 or 10 and 30 m) at 16 stations
between 2 and 20 May, 2008 as part of the North Atlantic Bloom Experiment (NABE). In all,
30 samples were collected. Positions of the sampling stations can be seen in figure 1.
Chemical (nitrate+nitrite and silicic acid concentrations) and physical data (temperature and
salinity) collected on the cruise were obtained from Biological and Chemical Oceanographic
Data Management Office, http://osprey.bcodmo.org/project.cfm?id=102&flag=view.
Samples for identification and enumeration of phytoplankton were preserved in 1 L
brown glass bottles with acidified Lugol’s solution (approximately 2 % final concentration)
for taxonomic determination. The composition of the plankton community was determined
using quantitative light microscopy according to Utermöhl (1958). Cells were enumerated
according to the protocol used in the Danish national water and nature monitoring programme
(NOVANA; Henriksen and Kaas 2004). The programme is not available in English but it
prescribes that at least 500 cells be counted in each sample, that taxa should be determined to
the lowest level at which an accurate identification can be made, that dominating species (in
terms of biomass) should be determined to the species level, that single cells are counted
within colonies, and that at least 50 cells are counted for dominating species (for accurate
estimate of biomass). The axial dimensions of a sub-set of the cells encountered from each
taxon were measured. The averages of these values were converted to an average cell volume
for the taxon and this (plasma) volume converted to carbon equivalents using the conversions
presented by Edler (1979).
Both heterotrophic and chlorophyll-containing protists were quantified and enumerated
in the water samples collected. However, only the chlorophyll-containing protists were
included in our analysis. This restriction was placed on the data set as the purpose of the study
was to improve our understanding of small-scale differences in the distribution of
phytoplankton by relating the distributions to environmental parameters. Given that the
distribution of patterns of heterotrophic and photosynthesizing organisms may be influenced
by different factors and that there diversities have been found not to correlate (Irigoien et al.
2004), we simplified the analysis by focusing only on the chlorophyll-containing protists.
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Figure 1: Positions of stations where phytoplankton samples were collected during the period
2 – 20 May, 2008
The protocol employed specifies that the same effort be used to identify and enumerate
the cells in each sample. We assume, therefore, that the samples are normalized to the effort
expended in counting them and that the diversity and species assemblages can be directly
compared between stations and no further data transformation (i.e., numerical normalization)
was carried out. We note, however, that the level of identification generally decreased with a
decrease in size. Thus, many of the small phytoplankton (< 10 µm) were only identified to
group. As differences in the ability to identify species in this small size range could bias the
richness estimates, only species where the greatest axial length was greater than 10 µm were
included in the analyses presented here. Therefore, when we refer to phytoplankton in our
study, we refer to chlorophyll-containing protists > 10 µm.
Comparison of taxonomic assemblages
In order to incorporate both data presence-absence and the abundance data found in the
dataset, the abundance data were converted to presence-absence data. On the basis of the
resulting presence-absence matrix, a dissimilarity matrix was constructed in which the pairwise dissimilarities in taxonomic composition between samples were calculated using the
Sørensen dissimilarity index (βsor) (Sørensen 1948; Baselga 2010). To investigate overall
patterns, we performed cluster analyses on the dissimilarity matrix using complete linkage
agglomerative clustering (furthest neighbour sorting). To partition the beta-diversity into its
main components (taxonomic turnover and nestedness), we calculated the multisite betadiversity using the Sørensen-based multiple-site dissimilarity index (βSOR) and partitioned the
diversity using the Simpson-based multiple-site dissimilarity index (βSIM) for taxonomic
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turnover and the Nestedness-resultant multiple-site dissimilarity index (βNES) for nestedness
(Baselga 2010). Data analyses were done in R (R Core Team 2013). Calculations of betadiversity were carried out with the package “betapart” version 1.2 (Baselga and Villiger 2013)
and clustered with the package “vegan” version 2.0-6 (Oksanen et al. 2013).
All regressions are general linear regression models and data were fitted using ordinary
least square estimation. Model assumptions of linearity, variance homogeneity and residual
normality were investigated using visual inspection. We did not detect dependency in the
data. However, as some of the patterns in beta-diversity were found to correlate with space
and time, we assume that the observations are not 100 % independent from each other. Thus,
in order to reduce the risk of type I error, we supplemented the conventional testing with
model comparisons using AIC and Akaike weights (Burnham and Anderson 2002) as these do
not test the significance through the testing of a null-hypothesis. This means that they are not
affected by inflated degrees of freedom, i.e. a potential consequence of dependence between
observations.
Variance partitioning was carried out according to Legendre and Legendre (1998). The
fraction of y explained by the first explanatory variable (x1) was obtained by regressing y on
the residuals of a linear regression of x1 on x2 and is denoted fraction [a]. The fraction of y
explained by the second explanatory variable (x2) was obtained by regressing y on the
residuals of a linear regression of x2 on x1 and is denoted fraction [c]. The fraction of variance
shared by x1 and x2, together, was obtained by regressing y on x1 and x2 and subtracting [a]
and [c]. This is denoted fraction [b]. Fraction [d] is comprised of the residuals and was
calculated as 1 – ([a]+[b]+[c]).

Sampling date
(year day)
1C
1
5, 10
2008-05-02 (123)
3A
2
10
2008-05-04 (125)
9C
8
10, 30
2008-05-05 (126)
12C
12
10, 30
2008-05-06 (127)
21A
16
10, 30
2008-05-07 (128)
26A
21
10, 30
2008-05-08 (129)
33A
29
10, 30
2008-05-09 (130)
34E
35
5, 30
2008-05-10 (131)
42A
43
10, 30
2008-05-11 (132)
50B
46
10
2008-05-12 (133)
63A
61
10, 30
2008-05-13 (134)
80A
73
10, 30
2008-05-14 (135)
100A
89
10, 30
2008-05-15 (136)
116A
105
10, 30
2008-05-18 (139)
128A
118
10,30
2008-05-19 (140)
141A
121
10, 30
2008-05-20 (141)
Table 1: Sampling stations, cast number, depths, date and year day of sampling.
Station

Cast

Depths (m)
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Canonical correspondence analysis was used to investigate the carbon biomass of
dominating species in relation to spatial (salinity, depth), temporal (sampling day) and other
environmental variables (temperature, nitrate+nitrite concentration, and silicic acid
concentration). One observation of nitrate+nitrite (sample 100A – 30 m) and two of silicic
acid (samples 100A – 10 m and 100A – 30 m) were missing. In order to be able to include
these stations in the analysis, we estimated the missing values from the linear regression of
nitrate+nitrite vs. temperature and silicic acid vs. temperature (see supplementary material;
appendix 3, fig. S1). Estimating missing values introduces dependence and p-values should,
therefore, be interpreted with caution. However, as neither nitrate-nitrite nor silicic acid were
found to be important predictors in the analysis, the impact of the estimated values is likely
insignificant. Significance levels of the canonical axes were tested using permutation tests
(Legendre et al. 2011) and the R package “vegan” version 2.0-6 (Oksanen et al. 2013) was
employed for the analyses.
Estimation of turbulence in the water column
In addition to analyzing phytoplankton diversity in relation to chemical and physical
environmental variables, we wanted to test water column turbulence as a potential
explanatory variable. To calculate turbulence, meteorological data were obtained from the
NCEP archive (NCEP Reanalysis Data, 1948 – 2008, provided by the NOAA-CIRES Climate
Diagnostics Center, Boulder, Colo., http://www.cdc.noaa.gov). Six-hourly wind and air
temperature data from the period 1st April to 1st of June, 2008 were used. The CTD-stations
included in the analysis were located within an area of about 100x100 km, i.e. comparable to
the horizontal resolution in the meteorological data set and, therefore, the meteorological data
were interpolated onto a location in the centre of the stations (26.220 ºW, 61.148 ºN) and this
position then assumed to represent the meteorological conditions in the area as a whole.
The wind-work (Ea) was calculated from the wind-induced surface stress (τa), calculated
from 10 m surface winds according to Large and Pond (1981) and the wind speed at 10 m
height (U10): Ea = τa U10.The water column-integrated turbulent dissipation (εint) was
estimated as a constant fraction of the wind work: εint = γ Ea, and γ = 0.05 according to
Lozovatsky et al. (2005). Mixed layer depth (MLD) was needed to calculate the average
turbulence in the surface layer and was determined by defining a maximum density and
temperature range in the mixed layer. We note that these ranges were relatively small
compared to other studies where warmer areas have been analysed (De Boyer Montégut et al.
2004). MLD was defined from a change of σθ of 0.01 kg m-3 and a corresponding temperature
change of 0.03 ºC between the bottom of the mixed layer and 10 m depth. These criteria were
necessary because of the relatively small, but significant, changes in temperature and salinity
observed in the surface layer. The mixed layer depth was confirmed by visual inspection of
the individual profiles.

Results
With the exception of station 141A, the cluster analysis did not pair the two samples from
each station together. Likewise, the analysis did not indicate that samples from different depth
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strata (i.e. 10m or 30 m) clustered together. Thus, there was no basis for pooling the data
either in relation to geographic position or by depth layer and each sample was subsequently
treated as being an independent sample from the upper 30 m of the water column.
The overall beta-diversity of the samples was high and generally caused by turnover and
not nestedness (table 2). When beta-diversity was modelled as a function of space (using
salinity as a proxy for spatial separation) and time, both space and time contributed
significantly to explaining the variation (according to the Akaike weight; table 3). However,
when the variation was partitioned (table 4), the majority of the variation was explained by
space (or by space shared with time), whereas time alone only explained a minor part. It, thus,
seems likely that the differences in community assemblage for the dataset analysed as a
whole, are mainly due to spatial separation.
The cluster analysis (fig. 2 and S2, supplementary information, appendix 3) supported
this conclusion as it indicated that the samples clustered into two distinct groups, comprised
of 18 and 12 stations, respectively. The groups corresponded closely to salinity
characteristics, i.e. salinities greater or less than 35.24. These salinity characteristics fitted
with “patches” identified by Mahadevan et al. (2012) in which water column stratification is
believed to be generated by a mixed layer eddy or “non-patch” regions in which stratification
was argued by Mahadevan et al. (2012) to be caused by general surface water warming. In the
rest of this study, the two groups are, therefore, referred to as representing “patch” or “nonpatch” samples.

Taxonomic
Taxonomic
Taxonomic
Taxonomic
richness
beta-diversity
turnover
nestedness
(median)
(βSOR)
(βSIM)
(βNES)
All data
24
0.87
0.81
0.07
patch group
27
0.77
0.69
0.08
non-patch group
18
0.77
0.68
0.09
Table 2: Differences in taxonomic richness and multi-site beta-diversity, turnover and
nestedness within and between patch and non-patch samples.

Response
variable

Explanatory
Akaike
R2adj.
AIC Delta-AIC
variable(s)
weight
Salinity***
0.17 -784.5
21.4
<0.001
Beta-diversity
Time***
0.09 -677.1
128.7
<0.001
(βsor)
Salinity*** + Time***
0.21 -805.9
0
0.999
Table 3: Results from model comparison of beta-diversity vs. salinity and time using AIC and
Akaike weights. Stars represent significance levels: ***(p <0 .001).
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Figure 2: Section of the binary map with clustering analyses of the beta-diversity
dissimilarity matrix of the entire dataset showing the major differences in taxonomic
composition between what is interpreted as the in-patch (red cluster) and out-patch groups
(black cluster). The light blue box around the sample labels are interpreted as in-patch
according to the independent salinity index where samples with salinity higher than 35.24 are
assumed to be in-patch and samples with salinity less than 35.24 are assumed to be out-patch.
A binary map including all species can be found as supplementary material, appendix 3,
figure S2.
The major difference between the phytoplankton communities in and outside the patch
group was the dominance within the patch group of large, colony forming Chaetoceros
species (C. decipens, C. atlanticus, C. laciniosus, C. compressus and unidentified
Chaetoceros spp.). Other Chaetoceros species (C. concavicornis, C. affinis, C. danicus, C.
constrictus and C. diadema) were, however, found in samples from both the patch and nonpatch groups, while C. peruvianus was only found at one (patch) station. Furthermore, the
cluster analysis revealed a group of relatively small taxa that were ubiquitously present (e.g.
Pseudo-nitzschia spp., Nitzschia longissima, dinoflagellates 10-20 µm, and Cryptophyceae
10-15 µm).
The median taxonomic richness was significantly higher in the patch than in the nonpatch group of samples (Wilcoxon rank test; p < 0.001; fig. 3). Furthermore, adding the patch
samples data to the non-patch significantly increases the taxonomic richness for the area as a
whole (Wilcoxon rank test: p = 0.021). This result supports the hypothesis proposed by
Mahadevan et al. (2012) that increased small scale heterogeneity caused by mixed layer
eddies increases the overall taxonomic diversity of the area. There were no significant
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differences between the median temperatures or nutrient concentrations recorded for the patch
and non-patch samples (table 5). There was, however, a highly significant difference between
the median salinities recorded in the two groups of samples. In addition, significantly more
biomass of the phytoplankton included in the study was recorded in the patch than in the nonpatch samples. The averaged depth of the estimated depth of the surface mixed layer for the
data set as a whole was 31.4 m (range 11-63 m; data not shown).

Figure 3: (A) Biplot of taxonomic richness vs. carbon biomass, (B) box-plot of carbon
biomass and (C) taxonomic richness in the patch and non-patch groups.

Fraction
Explanatory variable(s)
R2adj.
[A]
Salinity
0.13
[B]
Shared between salinity and time
0.04
Beta-diversity (βsor)
[C]
Time
0.04
[D]
Residuals
0.79
Table 4: Variance partitioning of the variation in betadiversity explained by salinity and time
in a multivariate linear regression model for the entire dataset.
Response variable

Variable
Overall
Patch
Non-patch
p-value
-1
Carbon biomass (µg l )
34.56
37.95
13.40
0.028*
Temperature (°C)
8.880
8.880
8.893
0.518
Nitrate + Nitrite (µM)
9.863
9.921
9.493
0.842
Silicic acid (µM)
1.134
1.535
1.317
0.309
Salinity (PSU)
35.246
35.268
35.220
< 0.001***
Table 5: Median values of the environmental variables between and within the patch and
non-patch groups. The p-value refers to a Mann-Whitney U test of the difference in median
between the patch and non-patch groups. Stars represent significance levels: *(p < 0.05);
***(p < 0.001).
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Figure 4: Bi-variate plots of pair-wise dissimilarities in betadiversity for (A-B) the in-patch
group and (C-D) the out-patch group vs. time and salinity. The red line represents the results
from linear regression analysis

Explanatory
R2adj.
AIC
Δi
wi
variable(s)
Salinity
0.01
-409.7
9.9
0.004
Betadiversity (patch) Time***
0.07
-419.5
0
0.489
Salinity + Time***
0.08
-419.6
0.1
0.507
Salinity*
0.05
-157.3
0
0.658
Betadiversity (nonTime
-0.01
-153.1
4.3
0.078
patch)
Salinity* + Time
0.04
-155.5
1.8
0.264
Table 6: Results from model comparison of betadiversity vs. salinity and time using AIC,
delta-AIC (Δi) and Akaike weights (wi) for the patch and non-patch group. Stars represents
significance levels: *(p < 0.05), ***(p < 0.001).
Response variable
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Figure 5: Bar plot diagram showing the contribution to total carbon biomass of major
taxonomic groups for (A) patch and (B) non-patch stations.

Patterns in beta-diversity in the patch and non-patch groups
When the taxonomic composition was investigated for the patch and non-patch groups
separately, the beta-diversity decreased in both groups and, as in the overall pattern,
taxonomic turnover was the primary mechanism driving these patterns (table 1). When pairwise dissimilarities in beta-diversity were modelled as a function of space (using salinity as a
proxy) and time, the results showed contrasting patterns for the two groups. In the patch
group, time was the only variable that contributed significantly to explaining the variation in
beta-diversity (table 6; fig. 4 A-B). For the non-patch group, on the other hand, only the space
variable contributed significantly to explaining the variations (table 6; fig. 4C-D).
This may suggest that the taxonomic assemblages sampled at non-patch stations
originate from different underlying communities with taxonomic turnover being associated
with spatial separation and with no dependence between the deterministic (and stochastic)
mechanisms being responsible for the taxonomic composition. The correlation with time for
the patch group, on the other hand, implies that differences in taxonomic composition here
increase over time (i.e. the closer in time we sample, the less different the communities). This
suggests that taxonomic turnover in the patch group may be due to succession and that the
assemblages found in the patch group samples may originate from the same underlying
phytoplankton community. With the exception of salinity, none of the abiotic variables tested
were found to account for a significant proportion of the dissimilarity in beta-diversity
between the patch and non-patch stations (data not shown).
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Figure 6: Bar plot diagram of the contribution of different diatom genera to the total diatom
biomass for (A) patch (B) non-patch stations.

Taxa mean
Taxa total
Percentage (%)
Taxa
carbon biomass carbon biomass of total carbon
(µg L-1)
(µg L-1)
biomass
Cerataulina pelagica
1.9
34.5
5.4
Chaetoceros compressus
1.3
24.2
3.8
Chaetoceros concavicornis
0.5
8.9
1.4
Chaetoceros decipiens
1.1
19.8
3.1
Chaetoceros laciniosus
6.4
115.7
18.1
Chaetoceros spp.
5.3
96.0
15.0
Cryptophyceae
1.2
21.5
3.4
Mesodinium rubrum
0.7
12.7
2.0
Dinophyceae
1.0
17.8
2.8
Bacilariophyceae (pennate diatoms)
0.6
10.9
1.7
Proboscis alata
1.0
17.7
2.8
Pseudo-nitzschia cf. delicatissima
3.2
57.3
9.0
Rhizosolenia imbricate
1.8
33.3
5.2
Rhizosolenia stolterfothii
2.0
36.3
5.7
Thalassionema nitzschioides
4.0
71.7
11.2
Thalassiosira spp.
0.4
7.2
1.1
SUM
585.6
91.8
Table 7: Patch group: dominating taxa (more than 90 % of the phytoplankton total carbon
biomass).
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Figure 7: Patch stations: (A) total biomass vs. diatom biomass, (B) total biomass vs.
Chaetoceros biomass, (C) Chaetoceros/total biomass vs. total phytoplankton biomass, and
(D) succession pattern of Chaetoceros spp. (Chaetoceros biomass vs. sampling day).
Patterns in taxonomic composition in the patch group
Diatoms constituted 89 % of the total biomass in the patch group (fig. 5A). Chaetoceros was
the dominating genus in most samples and constituted about 43 % of the total biomass (fig.
6A). The linear regression of total phytoplankton biomass against diatom biomass was highly
significant linear and showed that diatoms accounted for 96 % of the variation in total
biomass (fig. 7A). Linear regressions indicated that variations within the Chaetoceros group
accounted for 88 % (fig. 7B) of the variation within total biomass, In addition, the ratio of the
Chaetoceros biomass to total phytoplankton biomass was found to be significantly correlated
with total biomass, indicating an increased importance of Chaetoceros in the community with
increasing biomass (fig. 7C).
The biomass of Chaetoceros in the patch samples varied through time and demonstrated
peaks around days 127 and 133 (fig. 6D). In the patch surface samples (5 – 10 meters depth),
the biomass of Chaetoceros and the change in Chaetoceros biomass from the previous patch
sampling date both showed a strong negative relationship with turbulence but only the
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Figure 8: Bivariate-plots in the surface (5-10 m depths; A-B) and subsurface (30 m depth; CD) of Chaetoceros carbon biomass vs. average turbulence in the mixed layer (A,C) and the
change in Chaetoceros biomass since the previous sampling day (B,D).
relationship with change in biomass was found to be significant with the relationship with
biomass per se just failing to achieve significance (fig. 8A-B) In the deeper samples (30 m),
the relationship between Chaetoceros biomass and change in biomass from previous sampling
date with turbulence was much weaker and not significant (fig. 8C-D).
In all, 63 taxa were identified in the patch group. Of these, 16 accounted for more than
90 % of the total carbon biomass (table 7) and 13 of these were diatoms with the taxa
Chaetoceros laciniosus, Chaetoceros spp., Thalassionema nitzschioides and Pseudo-nitzschia
cf. delicatissima constituting more than half the total biomass. Patterns for the four species
were similar to the general pattern for Chaetoceros spp., with the C. laciniosus and
Chaetoceros spp. being the primary drivers of the first peak and all four species showing
numerically similar increases in the second peak.
The proportion of variation explained by the canonical correspondence analysis (CCA)
of the dominating taxa (table 7) including all explanatory variables was 0.50 (fig. 9A).
However, permutation tests of the significance of the axes showed that only axis 1 (explaining
18 % of the variation, p < 0.001) and axis 2 (explaining 13 % of the variation, p < 0.01) made
133

Taxa mean
Taxa total
Percentage (%)
Taxa
carbon biomass carbon biomass of total carbon
(µg L-1)
(µg L-1)
biomass
Cerataulina pelagica
6.5
78.2
30.0
Chaetoceros laciniosus
0.9
10.4
4.0
Cryptophyceae
3.0
36.2
13.9
Mesodinium rubrum
0.4
4.4
1.7
Pseudo-nitzschia cf. delicatissima
1.6
19.2
7.4
Rhizosolenia imbricata
0.7
8.8
3.4
Thalassionema nitzschioides
4.3
51.7
19.8
Thalassiosira spp.
1.0
11.8
4.5
Thalassiosira rotula
0.5
6.1
2.3
Dinophyceae
0.9
10.9
4.2
SUM
237.9
91.0
Table 8: Non-patch group: dominating taxa (more than 90 % of the phytoplankton total
carbon biomass).
significant contributions to the explanation of the variation. The overall pattern shows the
distribution of the dominating taxa in space and time with the first axis primarily accounting
for temporal and horizontal spatial differences and the second canonical axis accounting for
vertical spatial differences. The nutrients nitrate+nitrite and silicic acid were, apparently, of
minor importance for the distribution of the dominating taxa. The second axis reveals that the
taxonomic distribution is not only heterogeneous in time and horizontal space but also with
depth (vertical space). Taxa associated with deeper waters were for example C. laciniosus, R.
imbricata, C. concavicornis and C. pelagica. Taxa associated with the more shallow part of
the water column were, for example, Chaetoceros spp., P. cf. delicatissima and
Cryptophyceae.
Patterns in taxonomic composition in the non-patch group
Diatoms also dominated the biomass in the non-patch samples (78 % of the total biomass; fig.
5B). Most often, Cerataulina pelagica was the dominant taxa (fig. 6B). However, there were
a few exceptions where Thalassionema spp. (33A – 10 m), Thalassiosira spp. (63A – 30 m)
and Pseudo-nitzschia spp. (80A – 10 m) dominated.
The proportion of the variation in the dominating taxa explained by the CCA (table 8)
including all explanatory variables was 0.79 (fig. 9B). However, permutation tests of the
significance of the axes showed that only axis 1 (explaining 63 % of the variation; p < 0.05)
added significantly to the variation explained. It should be noted, however, that although the
amount of variation explained in this analysis is relatively high, it is difficult to differentiate
between the effects of the individual factors as they are all correlated. For example,
Thalassiosira rotula and Cerataulina were found in the beginning of the sampling period and
were associated with depth whereas Rhizosolenia imbricata and Thalassionema nitzschioides
were found at the end of the sampling period and were associated with shallower depths.
When the most parsimonious model was found using forward selection, sampling time
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was found to be the only important variable and sampling time thus accounts for most of the
spatial and nutritional information. Thus, the CCA indicates that the non-patch phytoplankton
community assemblage changes when sampling occurs at another station and that none of the
variables measured could account for this change. Although the dominating taxa are similar
between stations, the dissimilarity in both the total and relative contribution of these taxa (fig.
6B) suggests that assemblages at these different stations are largely independent from each
other.

Discussion
This study clearly demonstrates that patterns in the heterogeneity of the distribution of
phytoplankton species can be identified and related to physical characteristics of the water
column. The samples for this study were collected prior to the onset of the seasonal thermal
stratification and coincident with the initiation of the 2008 spring bloom in this region
(Rynearson et al. 2013; Mahadevan et al. 2012; Briggs et al. 2011; Martin et al. 2011), i.e. a
period for which there is very little understanding of the causes of small-scale temporal and
spatial differences in distribution patterns of phytoplankton. Nevertheless, the community
assemblages sampled over the 18 day study period clearly cluster in two spatially separated
groups.
Distinct spatial distributions in species assemblages
These two groups corresponded almost exactly with salinity characteristics, where the two
groups were distinguished by being found above or below a salinity of 35.24. Surface layer
salinity in the study area varied between 35.20 and 35.28. We would normally not expect such
a narrow range of salinities to have an influence on phytoplankton physiology. Therefore, we
assume that salinity emerges as being significant in the delineation of the two groups as it is
acting as a proxy for geographic space. 3 (out of 18) of the stations in the cluster associated
with salinities > 35.24 and 2 of the 12 stations in the cluster associated with salinities below
34.24 did not meet the salinity criteria for the group with which they clustered. However, the
salinities at all 5 of these stations were very close to 35.24 and we conclude that these 5
samples were collected near the patch edges.
The other environmental factors (temperature, nitrate+nitrite concentration, silicic acid
concentration) examined as potential candidates to explain the differences in beta-diversity
and community composition were not found to differ significantly between the patch and nonpatch sample groups and could, therefore, not be related to the two phytoplankton species
assemblage groups that emerged from the cluster analysis.
The above and below salinity of 35.24 delineation between the two groups identified by
the cluster analysis here corresponds well to “patch” and “non-patch” regions identified in a
modelling exercise carried out by Mahadevan et al (2012) and based on data collected on the
same project of which this cruise was a part. Mahadevan et al. (2012) hypothesised that small
scale (1-10 km) heterogeneity caused by mixed layer eddies results in “patches” of
stratification of the upper part of the water column creating localised areas where
phytoplankton activity would be stimulated due to relaxation of light limitation. Indeed, we
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Figure 9: Canonical correspondence analysis of the carbon biomass of dominating taxa
according to the temporal (day), spatial (salinity, depth) and nutritional variables measured
(silicic acid, nitrate/nitrite) for (A) patch and (B) non-patch samples.
136

found the carbon biomass associated with the chlorophyll-containing phytoplankton to be
significantly greater in the patch group of samples than in the non-patch group (table 5 and
fig. 3). Also chlorophyll concentrations were higher at the patch than the non-patch stations,
although not significantly higher (data not shown). That we find a significant difference in
biomass but not chlorophyll concentrations between the two groups may be explained by the
fact that the biomass estimates made here were limited to chlorophyll-containing organisms
larger than 10 µm while the chlorophyll estimates would include all chlorophyll-containing
organisms.
Phytoplankton diversity
Median taxonomic richness was found to be significantly higher in the patch than in the nonpatch sample group (fig. 3). A statistically based study such as ours cannot, of course, identify
the cause for the differences noted in diversity between the two stations types. We note,
however, that Irigoien et al. (2004) found a bell-shaped relationship between species diversity
and phytoplankton biomass using a global phytoplankton dataset. Phytoplankton biomass in
the period around the onset of the spring bloom is low compared to much of the rest of the
production period. Therefore, it can be argued that increased growth and biomass
accumulation at this point in time might be expected to lead to an increase in species richness
in the phytoplankton community assemblages. Following this line of logic, we would predict
greater species richness to accompany the greater biomass associated with the patch group
stations.
Patch vs. non-patch – underlying population characteristics
Perhaps the most interesting result obtained in this study is that when pair-wise dissimilarities
in beta-diversity were modelled as a function of space and time, the results showed
contrasting patterns for the patch and non-patch groups. For the non-patch group, only the
space variable contributed significantly to explaining the variations in beta-diversity while for
the patch group, time was the only variable that contributed significantly to the explaining the
variation in beta-diversity (fig. 3). This suggests that we might have been following the
temporal successional development of a single start population within the patch group while
the taxonomic assemblages sampled in the non-patch sample area may have originated from
different underlying communities. If this were to be the case, then the taxonomic turnover
recorded in the non-patch samples could be associated with spatial separation and where the
mechanisms responsible for the taxonomic composition work independently from one
another.
With respect to the non-patch group, however, it should be noted that although the
relationship between beta-diversity and space is significant, the amount of variation explained
is low (5 %). This could result from two non-exclusive underlying patterns: either salinity is a
poor representative for spatial separation (i.e. the relatively small variation in salinity does not
catch the rather large variation in space) or salinity does not resolve the deterministic
mechanisms controlling the taxonomic composition at each station (i.e. the relatively small
variation in salinity does not catch the potentially important variations in controlling factors
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such as nutrient availability). If the latter were the case, however, we would expect that
abiotic variables such as nitrate+nitrite and/or and silicic acid would explain a higher
percentage of the dissimilarities in beta-diversity than we found here. The lack of such
correlations suggests that deterministic processes have little to no effect on the increasing
dissimilarity of the taxonomic assemblages outside of the patches and, thus, implies that
stochastic mechanisms might be responsible for the results obtained here. However, we
cannot rule out that other factors, such as light or micronutrient availability, not included in
our study could be responsible for the patterns observed.
Nutrient availability and diversity
The silicic acid concentrations recorded here are consistent with those reported for this region.
Indeed, they were slightly higher than those recorded in the JGOFS NABE Experiment
carried out in the same area in 1989 (http://usjgofs.whoi.edu/jg/dir/jgofs/nabe). That nutrient
availability did not appear to significantly influence beta-diversity or overall community
composition in this study is an interesting observation as the diversity differences noted
between patch and non-patch samples were mainly driven by the distribution of large diatom
species and it is generally assumed that diatom distributions at the time of the spring bloom
are largely determined by the availability of silicic acid.
Egge and Aksnes (1992) argued that diatoms are unlikely to dominate at silicic acid
concentrations below about 2 µM. Median concentrations of silicate in this study (table 5)
were below 2 µM for both the patch and non-patch samples. We know, however, that silicic
acid concentrations were falling over the time that our study took place (Rynearson et al.
2013). Thus, the median values reported here cover a period prior to day 127, when surface
water silicic acid concentrations were above 2 µM and the subsequent period when they were
below. Nevertheless, a peak in Chaetoceros biomass occurred in the patch group after day
130 so the relatively low silicic acid concentrations observed here do not appear to be limiting
for the development of the diatom populations.
While nutrient availability did not appear to influence overall community composition
over the relatively short time period of the study, the CCA did indicate a tendency for some
species to be found deeper in the water column than others. In this case, depth is likely a
proxy for another/other underlying driver(s). Both light and temperature decrease with depth
and both nitrate-nitrate and silicic acid concentrations were found to correlate with
temperature (supplementary material; appendix 3, fig. S1). Thus, any one (or a combination)
of these factors or others (i.e. variable sinking rates) could be influencing the vertical
distribution of individual species. Vertical stratification in the occurrence of different
phytoplankton species has been demonstrated earlier – especially in stratified water columns
(Mouritsen and Richardson 2003). The water column was not well stratified here in our study.
Nevertheless, the analysis suggests vertical heterogeneity in the distribution of specific taxa.
Further study is needed to understand the factors controlling this vertical distribution.
Turbulence and diversity
The level of turbulence in the surface mixed layer at the patch stations was shown here to
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influence the abundance of diatoms much more significantly than nutrient availability. For the
samples taken at 5 or 10 meters, both the biomass of Chaetoceros and the change in
Chaetoceros biomass between samplings appeared to be directly related to average level of
turbulence in the surface mixed layer (fig. 8). That turbulence tends to reduce diatom
abundance could either be due to deepening of the surface mixed layer and resulting mixing
of diatoms blooming near the surface to deeper waters and/or that turbulence leads to the
formation of aggregates that readily sink from the surface layer. Diatoms are well known to
produce extracellular TEP which increases the probability of aggregation (Burd and Jackson
2009) when cells come in contact and turbulence increases contact rate (Alldredge et al. 1995;
Kiørboe and Hansen 1993; Alldredge et al. 1989). Thus, one possibility is that increasing
wind-induced turbulence in the surface layer was inducing diatoms to aggregate and sink out
of the water column. This hypothesis is supported by the observation that the observed
turbulence effect on the total Chaetoceros biomass and change in Chaetoceros biomass was
much stronger for the samples taken at 5 or 10 m (fig. 8A and 8B) than for the samples taken
at 30 m (fig. 8C and 8D) as variation in wind generated turbulence can, in general, be
expected to be greatest near the surface. The observation by Briggs et al. (2011) of sinking
aggregates at the time of our study would also support this interpretation of the relationship
between Chaetoceros abundance and turbulence.
Spring bloom development
It is well known that seasonal succession in phytoplankton communities in this area starts
with diatoms and, later, moves to flagellated taxa (Barlow et al. 1992; Lochte et al. 1993;
Sieracki et al. 1993). Our study, however, took place close to the onset of the production
period – a period when the biomass of the diatoms dominated the phytoplankton biomass (fig.
7, this study, showing the proportion of diatoms among the larger phytoplankton and
Rynearson et al. 2013; fig. 6 which shows the importance of diatoms in relation to all protists
> 2 µm). The biomass of diatoms was extremely variable (ranging from < 10 to > 80 µg C L-1;
fig. 5) during our study period. In addition to diatoms, taxa representing the Cryptophyceae
and Dinophyceae were represented in this group of large phytoplankton throughout the study
period at most stations (fig. 5) and the general composition of the assemblages of
phytoplankton remained similar over the entire study period. While different diatom species
dominated in the patch and non-patch samples (fig. 6), there was a peak in diatom abundance
around the middle of sampling period in both groups.
Normally, it is envisioned that the spring bloom diatom peak is controlled by the
availability of silicic acid. Indeed, as noted above, Egge and Aksnes (1992) have argued that
diatoms are not found when concentrations of silicic acid are below 2 µM. In our study,
however, we recorded increasing biomass of diatoms in a period when silicic acid
concentrations were below 2 µM and falling (silicate concentrations shown in fig. 8A;
Rynearson et al. 2013). Diatom biomass in the patch samples was driven by changes in
diatoms belonging to the genus Chaetoceros (fig. 7) and the biomass and change in biomass
of Chaetoceros from previous sampling date in samples taken at 5 and 10 m were both clearly
related to wind-generated turbulence in the surface mixed layer (fig. 8).
Thus, we argue that the explanation for increasing diatom biomass at a time when silicic
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acid concentrations are low and falling can be found in the wind conditions. Apparently, even
the low concentrations of silicic acid recorded in the middle of our study period were
sufficient to support diatom growth and accumulation given the proper (i.e. low) wind
conditions. It would appear that, while the spring diatom bloom must be limited overall by
access to the essential element, Si, certain wind conditions must be met in order for net
accumulation of diatoms in the surface waters to occur. Under a long period of wind-still
conditions, one would expect, then, that the spring diatom bloom will occur as a single burst.
However, under more variable wind conditions, the diatom bloom will occur in successive
bursts when the wind conditions are appropriate.
In addition to our field study, the NABE 2008 Experiment consisted of a much longer
sampling period when optical characteristics of the water column were determined. The
chlorophyll fluorescence data collected over this extended period (Briggs et al. 2011; fig. 5c)
do, indeed, indicate that the production period in 2008 commenced with a series of small
surface blooms – including one prior to the onset of our study period. This earlier bloom
period might explain the lower that winter silicic acid concentrations observed at the onset of
our study. The data presented in Briggs et al. (2011) suggest that we sampled in two of the
bloom periods (including that in which chlorophyll fluorescence was greatest) that occurred in
2008 and that there may have been one smaller bloom that occurred after our sampling. A
much more intense bloom (in terms of chlorophyll fluorescence) commenced around year day
160. In contrast to the series of small blooms we encountered, there is no indication of
sedimentation occurring from this more intense bloom (Briggs et al. 2011; fig. 5d). Therefore,
we argue that all of the small blooms occurring at the beginning of the production period in
the North Atlantic in 2008 were comprised of diatoms. This would include any that occurred
after our study period.
Chaetoceros, the spring bloom, and bio-geochemical cycling
Diatoms dominated almost all samples taken during this study. The major difference between
the patch and non-patch samples, however, was that relatively large Chaetoceros species
dominated in the patch group and were much less conspicuous in the non-patch samples.
Mahadevan et al. (2012) suggest that the spring bloom was being initiated in the patch at the
time of our study and, indeed, Chaetoceros spp. have earlier been identified as dominant
components of spring bloom communities in the North Atlantic (Degerlund and Eilertsen
2010; Bresnan et al. 2009). Thus, this group is, apparently, a characteristic contributor to
spring bloom communities here. Chaetoceros remains are also common components of
sediments (Abelmann et al. 2006). This, combined with the suggestion in our data of
turbulence induce aggregation of Chaetoceros and Briggs et al.’s (2011) observation of
sinking aggregates during the study period, lead us to suggest that members of the
Chaetoceros genus may, indeed, be particularly important for the transport of carbon from
surface waters to depth in the North Atlantic.
This hypothesis is supported by Rynearson et al. (2013) where it was demonstrated that
sediment trap material during the study period was dominated by Chaetoceros remains.
However, in that study, the majority of the Chaetoceros remains in the sediment traps were
found to be resting spores from a relatively small species identified as C. aff. diadema. This
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was a ubiquitous species found in low numbers in both the patch and non-patch samples in
this study. Thus, the sediment trap measurements made concurrently with the phytoplankton
studies presented here indicate that, while Chaetoceros species were important for vertical
carbon transport, it was not necessarily the large conspicuous species noted in the patch that
dominated this transport. Clearly, further work is necessary in order to unravel which
Chaetoceros species contribute to vertical carbon transport and under what conditions.

Conclusion
Mahadevan et al. (2012) argued that eddy formation prior to the establishment of the annual
seasonal thermal stratification characteristic of the North Atlantic leads to localized
stratification that initiates the spring bloom in patches. They hypothesised that the
development of these patches would stimulate phytoplankton growth and increase species
diversity in the area. Our study confirms this to be the case. Taxonomic richness in the area as
a whole is increased by the presence of patch and non-patch areas and taxonomic richness
within the patch is greater than outside. Furthermore, the biomass of the larger diatom species
characteristic of spring bloom conditions was significantly greater within the patch group than
outside. Patch communities were differentiated from non-patch communities primarily by the
dominance in the patch group of large Chaetoceros species. Differences in the abundance of
these species from sample to sample could not be related to nutrient availability but, for
surface samples, could be related to the level of turbulence. Thus, this study enhances our
understanding of the factors influencing the distribution of different diatom species during the
spring bloom. While our understanding of the factors leading to the occurrence of individual
taxa in phytoplankton communities remains primitive, the approach applied here
demonstrates the potential for developing a much better understanding of these factors.
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Response
variable

Expl.
Expl.
Expl.
Slope 1 Slope 2 Slope 3 Intercept
var. 1
var. 2
var. 3
Temp.
-0.03
-0.56
DIN
0.30
-1.11
Fraction of
P
0.57
-0.79
phytoplankton Temp.
DIN
-0.02
0.19
-0.82
> 10 µm
Temp.
P
-0.02
0.37
-0.61
DIN
P
0.15
0.33
-0.93
Temp.
DIN
P
-0.01
0.09
0.25
-0.72
Table S1: Supplementary model details to the results presented in table 3 in the paper: slopes
and intercepts from the model comparison of the fraction of phytoplankton larger than 10 µm
vs. temperature (Temp.) and nutrient concentrations (dissolved inorganic nitrogen (DIN) and
phosphate (P)).

Response
Explanatory
Slope
Intercept R2adj.
AIC
Δi
wi
variable
variable
Residuals
Temperature -0.01
0.14
0.03
305.1
0
0.94
from the
fraction of
phytoplankton
Phosphate
0.10
0.04
0.01
310.5
5.4
0.06
> 10 µm
vs. DIN
Table S2: Result from model comparison of the residuals (from a linear regression of the
fraction of phytoplankton larger than 10 µm vs. dissolved inorganic nitrogen (DIN)) vs.
temperature and phosphate using AIC, delta AIC (Δi) and Akaike weights (wi).
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Response
Explanatory
Slope Intercept
R2adj.
AIC
Δi
wi
variable
variable
Residuals
Temperature
-0.01
0.15
0.03
302.2
0
0.97
from the
fraction of
phytoplankton
DIN
0.05
-0.01
0.00
309.0
6.8
0.03
> 10 µm vs.
phosphate
Table S3: Result from model comparison of the residuals (from a linear regression of the
fraction of phytoplankton larger than 10 µm vs. phosphate) vs. temperature and dissolved
inorganic nitrogen (DIN) using AIC, delta AIC (Δi) and Akaike weights (wi).

Explanatory
Ocean
variable(s)/
Slope Intercept R2adj. AIC
Δi
wi
region
factor
Temperature
-0.01
0.14
0.03 305.1 17.4 <0.001
EA
0.68
EP
0.42
IOS
0.29
0.43
Temperature NEA
-0.03
0.11 287.6
0
0.986
Residuals
and region
NWA
0.12
from the
SO
0.14
fraction of
WA
0.53
phytoplankton
WP
0.76
> 10 µm vs.
EA
-0.01
0.40
dissolved
EP
0.00
-0.14
inorganic
-0.02
0.22
Temperature IOS
nitrogen
NEA
-0.02
0.31
and region
0.11 296.1 8.5 0.014
inclusive
NWA
-0.04
0.22
interactions
SO
-0.03
0.14
WA
-0.04
0.72
WP
-0.03
0.80
Table S4: Results from model comparison of the residuals (from a linear regression of the
fraction of phytoplankton larger than 10 µm vs. dissolved inorganic nitrogen) vs. temperature
and ocean region with and without including interactions using AIC, delta AIC (Δi) and
Akaike weight (wi).
Response
variable
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Explanatory
Ocean
variable(s)/
Slope Intercept R2adj. AIC
Δi
wi
region
factor
Temperature
-0.01
0.15
0.03 302.2 34.5 <0.001
EA
0.68
EP
0.34
IOS
0.21
0.53
Temperature NEA
-0.03
0.17 267.7
0
0.771
and region
NWA
0.21
Residuals
SO
0.09
from the
WA
0.66
fraction of
WP
0.71
phytoplankton
EA
-0.02
0.46
> 10 µm vs.
EP
0.02
-0.46
phosphate
-0.07
0.88
Temperature IOS
NEA
-0.02
0.36
and region
0.18 270.2 2.5 0.228
inclusive
NWA
-0.04
0.73
interactions
SO
-0.02
0.07
WA
-0.03
0.73
WP
-0.05
1.12
Table S5: Results from model comparison of the residuals (from a linear regression of the
fraction of phytoplankton larger than 10 µm vs. phosphate) vs. temperature and ocean region
with and without including interactions using AIC, delta AIC (Δi) and Akaike weight (wi).
Response
variable

Figure S1: Variance partitioning of the multivariate regression of the fraction of
phytoplankton larger than 10 µm vs. (A) temperature (Temp.) and dissolved inorganic
nitrogen (DIN) and (B) temperature, dissolved inorganic nitrogen and ocean region.
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Figure S2: Variance partitioning of the multivariate regression of the fraction of
phytoplankton larger than 10 µm vs. (A) temperature (Temp.) and phosphate and (B)
temperature, phosphate and ocean region.

Figure S3: Bi-variate plots of the residuals (from a linear regression of the fraction of
phytoplankton larger than 10 µm vs. dissolved inorganic nitrogen (DIN)) vs. (A) temperature
and (B) phosphate. The red and black lines represent the results from a linear regression
model and the line where y = 0, respectively. The vertical blue line represents the
temperature where the regression line intercepts the black line and, thus, where the residuals
change from being predominantly positive to predominately negative.
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Figure S4: Bi-variate plots of the residuals (from a linear regression of the fraction of
phytoplankton larger than 10 µm vs. phosphate) vs. (A) temperature and (B) dissolved
inorganic nitrogen (DIN). The red and black lines represent the results from a linear
regression model and the line where y = 0, respectively. The vertical blue line represents the
temperature where the regression line intercepts the black line and, thus, where the residuals
change from being predominantly positive to predominately negative.

Figure S5: Bi-variate plots of (A) the residuals (from a multi-variate regression of the
fraction of phytoplankton larger than 10 µm vs. dissolved inorganic nitogen) vs. temperature
and (B) the residuals (from a multi-variate regression of the fraction of phytoplankton larger
than 10 µm vs. phosphate) vs. temperature. The colored lines represent the results from a
linear regression model including the ocean region as a factor (slopes are forced to be the
same according to the results in table S4 and S5). North-eastern Atlantic (n=37); Western
Pacific (n=28); North-western Atlantic (n=21); Southern Ocean (n=37); Eastern Atlantic
(n=26); Eastern Pacific (n=28); Indian Ocean Sector (n=37); Western Atlantic (n=40).
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Figure S1: Station map.
Response variable Expl. variable(s)
Model
R2adj.
AIC
Δi
wi
DIN**
1
0.23
38.7
3.5
0.04
P**
2
0.27
37.3
2.1
0.09
Si**
3
0.32
35.2
0
0.26
DIN/P*
4
0.14
41.5
6.3
0.01
DIN + P
5
0.24
39.3
4.0
0.03
Fraction of
DIN + Si
6
0.30
37.2
2.0
0.10
phytoplankton
DIN + DIN/P
7
0.24
39.3
4.0
0.03
larger than 10 µm
P + Si
8
0.30
37.2
2.0
0.10
P + DIN/P
9
0.24
39.3
4.0
0.03
(Eastern Atlantic)
Si* + DIN/P
10
0.31
36.9
1.7
0.11
DIN + P + Si
11
0.27
38.9
3.7
0.04
DIN + P** + DIN/P
12
0.24
39.3
4.0
0.03
DIN + Si + DIN/P
13
0.30
38.2
3.0
0.06
P + Si + DIN/P
14
0.30
38.2
3.0
0.06
Table S1: Results from model comparison from the Eastern Atlantic of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
0
42.7
2.1
0.04
P
2
0.04
40.6
0
0.13
Si
3
0.02
41.2
0.5
0.10
DIN/P
4
0
42.4
1.7
0.05
DIN + P
5
0.04
41.3
0.7
0.09
Fraction of
DIN + Si
6
0.01
42.2
1.6
0.06
phytoplankton
DIN + DIN/P
7
0.04
41.3
0.7
0.09
larger than 10 µm
P + Si
8
0
42.6
2.0
0.05
P + DIN/P
9
0.04
41.3
0.7
0.09
(Eastern Pacific)
Si + DIN/P
10
0.05
41.3
0.6
0.09
DIN + P + Si
11
0.02
42.9
2.2
0.04
DIN + P** + DIN/P
12
0.04
41.3
0.7
0.09
DIN + Si + DIN/P
13
0.02
42.9
2.2
0.04
P + Si + DIN/P
14
0.02
42.9
2.2
0.04
Table S2: Results from model comparison from the Eastern Pacific of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN***
1
0.28
22.2
4.4
0.02
P***
2
0.37
17.8
0
0.15
Si
3
0.03
33.6
15.8
<0.01
DIN/P**
4
0.24
24.6
6.8
0.01
Fraction of
DIN + P*
5
0.38
18.1
0.3
0.14
phytoplankton
DIN*** + Si
6
0.30
22.4
4.6
0.02
larger than 10 µm
DIN** + DIN/P*
7
0.38
18.1
0.3
0.14
P*** + Si
8
0.35
19.5
1.7
0.07
(Indian Ocean
P** + DIN/P
9
0.38
18.1
0.3
0.14
Si + DIN/P**
10
0.26
24.4
6.6
0.01
Sector)
DIN + P* + Si
11
0.37
19.5
1.7
0.07
DIN* + P** + DIN/P
12
0.38
18.1
0.3
0.14
DIN* + Si + DIN/P
13
0.37
19.5
1.7
0.07
P* + Si + DIN/P
14
0.37
19.5
1.7
0.07
Table S3: Results from model comparison from the Indian Ocean Sector of the fraction of
large phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN),
phosphate (P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights
(wi). Stars represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN**
1
0.18
42.3
3.3
0.04
P***
2
0.25
39.0
0
0.21
Si
3
0.00
49.5
10.5
<0.01
DIN/P*
4
0.09
45.9
6.9
0.01
Fraction of
DIN + P
5
0.24
40.5
1.5
0.10
phytoplankton
DIN* + Si
6
0.16
44.2
5.2
0.02
larger than 10 µm
DIN** + DIN/P
7
0.26
39.9
0.9
0.13
P** + Si
8
0.23
41.0
2.0
0.08
(North Eastern
P** + DIN/P
9
0.26
39.9
0.9
0.13
Atlantic)
Si + DIN/P
10
0.08
47.6
8.6
<0.01
DIN + P + Si
11
0.21
42.5
3.5
0.04
DIN + P*** + DIN/P
12
0.26
39.9
0.09
0.13
DIN** + Si + DIN/P
13
0.24
41.9
2.9
0.05
P** + Si + DIN/P
14
0.24
41.9
2.9
0.05
Table S4: Results from model comparison from the North Eastern Atlantic of the fraction of
large phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN),
phosphate (P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights
(wi). Stars represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
-0.05
23.5
10.8
<0.01
P
2
-0.04
23.2
10.5
<0.01
Si
3
-0.02
23.0
10.3
<0.01
DIN/P*
4
0.43
12.7
0
0.36
Fraction of
DIN + P
5
0.00
23.2
10.5
<0.01
phytoplankton
DIN + Si
6
-0.02
23.8
11.1
<0.01
larger than 10 µm
DIN + DIN/P*
7
0.37
15.0
2.2
0.12
P + Si
8
-0.07
24.8
12.1
<0.01
(North Western
P + DIN/P*
9
0.37
15.0
2.2
0.12
Si + DIN/P*
10
0.37
14.7
2.0
0.13
Atlantic)
DIN + P + Si
11
-0.05
25.2
12.5
<0.01
DIN + P + DIN/P*
12
0.37
15.0
2.2
0.12
DIN + Si + DIN/P*
13
0.36
16.1
3.4
0.07
P + Si + DIN/P*
14
0.36
16.1
3.4
0.07
Table S5: Results from model comparison from the North Western Atlantic of the fraction of
large phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN),
phosphate (P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights
(wi). Stars represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
-0.00
49.9
7.2
<0.01
P
2
-0.03
50.7
8.0
<0.01
Si
3
-0.03
50.6
7.9
<0.01
DIN/P
4
0.07
47.2
4.5
0.02
DIN** + P**
5
0.19
43.0
0.3
0.12
Fraction of
DIN* + Si
6
0.07
48.0
5.3
0.01
phytoplankton
DIN* + DIN/P*
7
0.20
42.8
0.1
0.14
larger than 10 µm
P + Si
8
-0.05
52.4
9.7
<0.01
P* + DIN/P**
9
0.20
42.8
0.1
0.14
(Southern Ocean)
Si + DIN/P*
10
0.06
48.3
5.6
0.01
DIN** + P* + Si
11
0.21
42.7
0
0.14
DIN + P** + DIN/P**
12
0.20
42.8
0.1
0.14
DIN** + Si + DIN/P*
13
0.21
42.7
0
0.14
P** + Si + DIN/P**
14
0.21
42.7
0
0.14
Table S6: Results from model comparison from the Southern Ocean of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN***
1
0.32
56.5
11.6
<0.01
P***
2
0.48
45.8
0.9
0.16
Si***
3
0.42
50.3
5.4
0.02
DIN/P
4
0.11
68.9
24.0
<0.01
DIN + P**
5
0.47
47.7
2.8
0.06
Fraction of
DIN + Si**
6
0.45
49.0
4.1
0.03
phytoplankton
DIN*** + DIN/P**
7
0.47
47.7
2.8
0.06
larger than 10 µm
P** + Si
8
0.50
44.9
0
0.25
P*** + DIN/P
9
0.47
47.7
2.8
0.06
(Western Atlantic)
Si*** + DIN/P
10
0.41
51.1
7.0
0.01
DIN + P + Si
11
0.49
46.9
1.9
0.10
DIN** + P*** + DIN/P
12
0.47
47.7
2.8
0.06
DIN* + Si + DIN/P
13
0.49
46.9
1.9
0.10
P* + Si + DIN/P
14
0.49
46.9
1.9
0.10
Table S7: Results from model comparison from the Western Atlantic of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
-0.03
41.5
3.1
0.05
P
2
-0.00
40.6
2.2
0.08
Si
3
-0.02
41.1
2.8
0.06
DIN/P
4
-0.03
41.6
3.3
0.05
DIN + P
5
-0.03
42.5
4.1
0.03
Fraction of
DIN + Si
6
-0.00
41.8
3.4
0.04
phytoplankton
DIN + DIN/P
7
-0.03
42.5
4.1
0.03
larger than 10 µm
P* + Si
8
0.09
38.4
0
0.24
P + DIN/P
9
-0.03
42.5
4.1
0.03
(Western Pacific)
Si + DIN/P
10
-0.04
43.0
4.6
0.02
DIN + P + Si*
11
0.07
40.0
1.6
0.11
DIN + P + DIN/P
12
-0.03
42.5
4.1
0.03
DIN* + Si* + DIN/P
13
0.07
40.0
1.6
0.11
P* + Si* + DIN/P
14
0.07
40.0
1.6
0.11
Table S8: Results from model comparison from the Western Pacific of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN*
1
0.21
36.0
1.6
0.07
P**
2
0.25
34.4
0
0.15
Si**
3
0.24
34.7
0.4
0.12
DIN/P*
4
0.27
34.7
0.4
0.12
DIN + P
5
0.22
36.3
1.9
0.06
DIN + Si
6
0.21
36.6
2.3
0.05
Total chlorophyll a
DIN + DIN/P
7
0.25
35.9
1.5
0.07
P + Si
8
0.23
36.0
1.6
0.07
(Eastern Atlantic)
P + DIN/P
9
0.25
35.9
1.5
0.07
Si + DIN/P
10
0.25
36.0
1.7
0.07
DIN + P + Si
11
0.20
37.8
3.4
0.03
DIN** + P + DIN/P
12
0.25
35.9
1.5
0.07
DIN + Si + DIN/P
13
0.22
37.6
3.3
0.03
P + Si + DIN/P
14
0.22
37.6
3.3
0.03
Table S9: Results from model comparison from the Eastern Atlantic of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
-0.04
54.6
0.3
0.13
P
2
-0.03
54.3
0
0.15
Si
3
-0.03
54.5
0.2
0.14
DIN/P
4
-0.04
54.7
0.3
0.13
DIN + P
5
-0.06
56.2
1.9
0.06
DIN + Si
6
-0.07
56.5
2.2
0.05
Total chlorophyll a
DIN + DIN/P
7
-0.06
56.3
1.9
0.06
P + Si
8
-0.07
56.3
2.0
0.06
(Eastern Pacific)
P + DIN/P
9
-0.06
56.3
1.9
0.06
Si + DIN/P
10
-0.07
56.4
2.1
0.05
DIN + P + Si
11
-0.11
58.3
3.9
0.02
DIN + P + DIN/P
12
-0.06
56.3
1.9
0.06
DIN + Si + DIN/P
13
-0.11
58.3
3.9
0.02
P + Si + DIN/P
14
-0.11
58.3
3.9
0.02
Table S10: Results from model comparison from the Eastern Pacific of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN***
1
0.38
22.2
0
0.21
P**
2
0.17
32.6
10.4
<0.01
Si
3
-0.01
39.8
17.6
<0.01
DIN/P***
4
0.37
22.6
0.4
0.17
DIN** + P
5
0.36
24.1
2.0
0.08
Total chlorophyll a DIN*** + Si
6
0.37
23.7
1.5
0.10
DIN + DIN/P
7
0.36
24.1
2.0
0.08
(Indian Ocean
P* + Si
8
0.15
34.5
12.4
<0.01
P + DIN/P**
9
0.36
24.1
2.0
0.08
Sector)
Si + DIN/P***
10
0.36
23.8
1.6
0.09
DIN** + P + Si
11
0.35
25.6
3.5
0.04
DIN + P + DIN/P
12
0.36
24.1
2.0
0.08
DIN + Si + DIN/P
13
0.35
25.6
3.5
0.04
P + Si + DIN/P**
14
0.35
25.6
3.5
0.04
Table S11: Results from model comparison from the Indian Ocean Sector of the fraction of
large phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN),
phosphate (P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights
(wi). Stars represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN***
1
0.26
58.8
15.8
<0.01
P**
2
0.24
59.6
16.6
<0.01
Si
3
-0.03
70.7
27.8
<0.01
DIN/P***
4
0.50
47.1
4.2
0.04
DIN + P
5
0.24
60.6
17.7
<0.01
Total chlorophyll a DIN*** + Si
6
0.29
58.3
15.3
<0.01
DIN + DIN/P*
7
0.51
47.3
4.4
0.04
(North Eastern
P*** + Si
8
0.27
59.0
16.1
<0.01
Atlantic)
P + DIN/P**
9
0.51
47.3
4.4
0.04
Si + DIN/P***
10
0.54
45.3
2.3
0.11
DIN + P + Si
11
0.27
59.9
17.0
<0.01
DIN + P + DIN/P*
12
0.51
47.3
4.4
0.04
DIN* + Si* + DIN/P**
13
0.57
42.9
0
36.1
P* + Si* + DIN/P**
14
0.57
42.9
0
36.1
Table S12: Results from model comparison from the North Eastern Atlantic of the fraction of
large phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN),
phosphate (P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights
(wi). Stars represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
0.11
20.3
4.1
0.03
P*
2
0.22
17.5
1.3
0.11
Si**
3
0.27
16.2
0
0.21
DIN/P
4
0.07
21.9
5.7
0.01
DIN + P
5
0.22
18.4
2.3
0.07
Total chlorophyll a DIN + Si
6
0.24
17.8
1.6
0.09
DIN* + DIN/P
7
0.22
18.4
2.3
0.07
(North Western
P + Si
8
0.23
18.1
1.9
0.08
P* + DIN/P
9
0.22
18.4
2.3
0.07
Atlantic)
Si* + DIN/P
10
0.25
17.7
1.6
0.10
DIN + P + Si
11
0.20
19.7
3.5
0.04
DIN* + P* + DIN/P
12
0.22
18.4
2.3
0.07
DIN + Si + DIN/P
13
0.20
19.7
3.5
0.04
P + Si + DIN/P
14
0.20
19.7
3.5
0.04
Table S13: Results from model comparison from the North Western Atlantic of the fraction of
large phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN),
phosphate (P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights
(wi). Stars represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
0.03
60.2
12.1
<0.01
P
2
0.02
60.6
12.5
<0.01
Si**
3
0.22
52.3
4.2
0.04
DIN/P
4
0.17
56.7
8.6
<0.01
DIN + P
5
0.00
62.2
14.1
<0.01
DIN* + Si***
6
0.29
49.6
1.5
0.14
Total chlorophyll a
DIN + DIN/P
7
0.15
58.2
10.1
<0.01
P* + Si***
8
0.32
48.1
0
0.30
(Southern Ocean)
P + DIN/P
9
0.15
58.2
10.1
<0.01
Si** + DIN/P
10
0.29
51.2
3.1
0.06
DIN + P + Si***
11
0.30
50.1
2.0
0.11
DIN + P + DIN/P
12
0.15
58.2
10.1
<0.01
DIN + Si** + DIN/P
13
0.34
49.3
1.2
0.17
P + Si** + DIN/P
14
0.34
49.3
1.2
0.17
Table S14: Results from model comparison from the Southern Ocean of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

Model R2adj.
AIC
Δi
wi
1
0.08
93.0
37.0
<0.01
2
0.40
75.7
19.7
<0.01
3
0.18
88.1
32.2
<0.01
4
0.19
89.2
33.3
<0.01
5
0.49
70.3
14.3
<0.01
6
0.16
90.0
34.1
<0.01
7
0.66
56.0
0
0.26
8
0.39
77.4
21.5
<0.01
9
0.66
56.0
0
0.26
10
0.46
73.9
17.0
<0.01
11
0.48
72.1
16.2
<0.01
DIN*** + P*** + DIN/P***
12
0.66
56.0
0
0.26
DIN*** + Si + DIN/P***
13
0.65
57.8
1.8
0.11
P*** + Si + DIN/P***
14
0.65
57.8
1.8
0.11
Table S15: Results from model comparison from the Western Atlantic of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
Response variable Expl. variable(s)
DIN*
P***
Si**
DIN/P*
DIN** + P***
DIN + Si*
Total chlorophyll a
DIN*** + DIN/P***
P*** + Si
(Western Atlantic)
P*** + DIN/P***
Si*** + DIN/P**
DIN* + P*** + Si
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Response variable Expl. variable(s)
Model R2adj.
AIC
Δi
wi
DIN
1
-0.03
37.2
2.9
0.03
P
2
-0.02
37.0
2.8
0.04
Si
3
-0.00
36.3
2.0
0.05
DIN/P
4
0.08
34.3
0
0.14
DIN + P
5
-0.06
39.0
4.8
0.01
DIN + Si
6
0.03
36.3
2.0
0.05
Total chlorophyll a
DIN + DIN/P
7
0.07
35.7
1.4
0.07
P + Si
8
0.06
35.1
0.8
0.09
(Western Pacific)
P + DIN/P
9
0.07
35.7
1.4
0.07
Si + DIN/P
10
0.06
35.6
1.4
0.07
DIN + P + Si
11
0.05
36.1
1.9
0.06
DIN + P + DIN/P
12
0.07
35.7
1.4
0.07
DIN + Si + DIN/P
13
0.11
34.8
0.5
0.11
P + Si + DIN/P
14
0.11
34.8
0.5
0.11
Table S15: Results from model comparison from the Western Pacific of the fraction of large
phytoplankton vs. nutrient concentrations of dissolved inorganic nitrogen (DIN), phosphate
(P), silicate (Si) and the DIN/P ratio using AIC, Delta AIC (Δi) and Akaike weights (wi). Stars
represent significance levels: *(p < 0.05), **(p < 0.01), ***(p < 0.001).
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Figure S2: Biplots of (A) nitrate plus nitrite vs. temperature and (B) silicid acid vs.
temperature. The red lines represents a linear regression and missing nutrient values (one
observation of nitrate-nitrite (sample 100A – 30 m) and two of silicic acid (sample 100A – 10
m and 100A – 30 m)) were interpolated from the regression equation. Crosses in the figures
were visually deemed to be outliers from the general relationship between nutrient
concentrations and temperature and were not included in the regression.
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Figure S1: Binary map with clustering analyses of the betadiversity dissimilarity matrix of
the entire data set. The dark red sample labels are interpreted as being in the patch group
according to the independent salinity index where samples with salinity higher than 35.24 are
assumed to be in-patch and samples with salinity less than 35.24 are assumed to be in the
non-patch group.
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