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Aims of the study
Photosynthesis (both on land and in the ocean) plays a critical role in the global carbon cycle as it uses light
energy to convert inorganic carbon (CO2) to organic material. Not only does this organic material constitute
food (i.e. an energy source) for organisms unable themselves to directly convert light to energy but it is also
important for the sequestration of carbon. Sequestered carbon does not directly interact with the inorganic
carbon, i.e., CO2, in the atmosphere. This means that sequestered carbon cannot directly influence
greenhouse gas concentrations in the atmosphere and, thereby, radiative forcing (the physical climate
system). It is, therefore, extremely important both for understanding the distribution of life on Earth and in
projecting future climate conditions that the amount of carbon fixed through photosynthesis can be
accurately quantified.
Phytoplankton are responsible for most of the photosynthesis occurring in the ocean and are, therefore,
recognized within Earth System science as important actors at the global scale: They provide the basis for
marine food webs and their photosynthesis is a quantitatively important process influencing global
biogeochemical cycles, including the carbon cycle. Photosynthesis cannot be directly measured at the scale
of the global ocean. Therefore, both the magnitude of phytoplankton photosynthesis and its impact on the
global carbon cycle are estimated with the help of models. Models are, however, never better than the
assumptions used in their development. The standard models used for estimating ocean photosynthesis
(“primary production”, PP) rely on the remote sensing of bio-optical characteristics of the surface ocean.
Most often, these data are converted to water column PP using assumptions based on statistical analyses of
vertical profiles of chlorophyll fluorescence.
There are two obvious problems with this approach: 1) chlorophyll concentration does not directly correlate
with photosynthesis; 2) Changing ocean conditions may lead to changes in the vertical distribution of
phytoplankton photosynthesis in which case using historical vertical distribution patterns will introduce error
into PP estimates. In addition, while it is well known that both light and nutrient availability are important in
the control of PP, the most commonly used approach for estimating ocean PP today directly includes only
light availability. Thus, the global models currently in use to estimate global ocean PP employ assumptions
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concerning phytoplankton distribution and activity that do not reflect the current understanding of the
ecology of these organisms.
The aim of this study, therefore, is to
Identify macroecological patterns in the distribution and activity of phytoplankton and use
these to improve estimation of photosynthesis (primary production) in the global ocean

The thesis is comprised of a collection of the author’s recent publications presented together with a synthesis
of relevant literature that places these contributions in a larger ecological and Earth System context. When
referred to in the text, these publications are highlighted with bold font. Two of the papers included for
assessment address the importance of biological processes in establishing the state of the Earth System as a
whole:
1. Steffen, W., Richardson, K. Rockström, J., et al. (2015). Planetary boundaries: Guiding human
development on a changing planet. Science, 347, 1259855-1259855 doi: 10.1126/science.1259855.
Based on the history of the Earth, this paper argues that the state of the Earth System as a whole is, at
any point in time, a product of the interaction between biological processes and the physical climate
system. This leads to the conclusion that Climate and Biosphere Integrity, i.e. the function of the
biosphere as a whole, are the two Earth System processes that are of central concern when considering
the environmental impacts of human activities at the planetary level. It follows from the analysis that
projections of the future environmental state of the Earth System must take in to account not only
radiative forcing (i.e., the physical climate system) but also biological activity, including photosynthesis.
2. Steffen, W., Rockström, J., Richardson, K. et al. (2018). Trajectories of the Earth System in the
Anthropocene. Proceedings of the National Academy of Sciences of the United States of America
Volume: 115 (33), 8252-8259. doi: 10.1073/pnas.1810141115. This paper takes the conclusions of (1) a
step further in that it provides estimates (based on analysis of the relevant literature) of how an average
increase in global temperature of 2o C might be expected to influence biological activity and associated
flux of CO2 between the atmosphere and organic material. Most of these processes are not included in
IPCC projections of future climate conditions and those that are (i.e, “weakening of physiological
sinks”) are based on very simple assumptions that do not necessarily reflect the current state of
knowledge regarding these processes. This is not least true for estimates of ocean photosynthesis. The
paper highlights the need for better approaches to the estimation of ocean PP. It is the development of a
more eco-physiological parameterization of ocean photosynthesis that is the focus of this thesis.
Thus, these two papers make a strong case for the need for more accurate estimates of ocean photosynthesis
and the magnitude of carbon sequestration occurring in the ocean via biological processes as well as how
these processes may be impacted by climate change. The remainder of the papers included for assessment
deal directly with the distribution of phytoplankton and photosynthesis in relation to physical and chemical
parameters.

3

Four of these identify macroecological patterns at the global level relating phytoplankton and/or
photosynthetic characteristics to physical and chemical environmental parameters. These papers are all based
on data collected on the globally circumnavigating Galathea 3 Expedition in 2006-7 (www.galathea3.dk). On
this cruise, the author led a project where samples were collected and measurements made in all major global
ocean basins, with the exception of the North Pacific, using precisely the same equipment and protocols.
This resulted in a unique data set that has allowed the author - together with colleagues and students - to
identify patterns in phytoplankton distribution and activity at the global level that had not previously been
recognized:
3. Hilligsøe, K.M., Richardson, K., Bendtsen, J., Sørensen, L-L, Nielsen, T.G. and Lyngsgaard, M.M.
(2011). Linking phytoplankton community size composition with temperature, plankton food web
structure and sea–air CO2 Flux. Deep Sea Research Part I, 58, 826–38
doi:10.1016/j.dsr.2011.06.004. This paper is the first in a series of papers examining the relationship
between phytoplankton community size distribution and environmental/biological parameters on the
scale of the global ocean. The paper identifies a relationship between ocean-atmosphere CO2 flux and
community size structure. This relationship is predicted from the current understanding of the
performance of the biological pump (large cells would be expected to sink more readily than small and,
therefore, the photosynthesis they perform be more likely to impact ocean pCO2 than the photosynthesis
of cells remaining in and decomposing in the surface layer). However, this paper is one of the first to
provide empirical evidence for the prediction. Most importantly, this paper provides new understanding
of the relationship between phytoplankton community size structure and temperature. While it has long
been recognized that phytoplankton tend to be smaller in warmer waters, this relationship has been
interpreted as being a response to the lower nutrient concentrations usually found in warmer waters.
This study suggests that, in addition to a nutrient effect, there may also be a direct temperature effect on
phytoplankton size.
4. Mousing, E.A., Ellegaard, M. and Richardson, K. (2014). Global patterns in phytoplankton
community size structure—Evidence for a direct temperature Effect. Marine Ecology Progress
Series, 497, 25–38 doi:10.3354/meps10583. Through the application of a more sophisticated statistical
approach, this study further examines the data presented in (3) and concludes that there is likely a
nutrient-independent temperature effect on phytoplankton community size distributions and that this
effect is universal in the global ocean.
5. Richardson, K., Bendtsen, J., Kragh, T. and Mousing, E.A. (2016). Constraining the distribution of
photosynthetic parameters in the global ocean. Frontiers in Marine Science 3, 269
doi:10.3389/fmars.2016.00269. This study examines the distribution of values of photosynthetic
parameters (PBmax, the maximum rate of photosynthesis normalized to chlorophyll concentration and αB,
the slope of the Photosynthesis vs. Light relationship normalized to chlorophyll) in relation to
phytoplankton community size distribution and dominant phytoplankton group. It is shown that
communities dominated by small cells generally exhibit higher PBmax and αB than communities dominated
by larger cells.
6. Mousing, E.A., Richardson, K. and Ellegaard, M. (2018). Global patterns in phytoplankton
biomass and community size structure in relation to macronutrients in the open ocean. Limnology
and Oceanography, 63 (3), 1298-1312 doi:10.1002/lno.10772. This study brings a statistical approach
to the understanding of the effect of inorganic nutrient availability on the structure of phytoplankton
communities and reveals several new and interesting patterns relating nutrients and community size
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structure. At low nutrient concentrations, the addition of either N or P will lead to an increase in
biomass (chlorophyll) and increasing dominance of large cells in the community. Above a certain
nutrient level, an increase in N or P availability does not lead to an increase in biomass but continues to
change the size structure of the phytoplankton community in favor of larger cells. This means that
changes in nutrient availability over all concentration ranges influence community structure. The study
also suggests that the commonly used “rule of thumb” for nutrient concentrations considered to be
limiting for phytoplankton is likely misleading.
A particular focus in the author’s career has been documenting the importance of deep chlorophyll maxima
(DCM) for the ecosystems in which they occur. Six of the papers attached here for evaluation address this
theme:
7. Lyngsgaard, M.M., Markager, S. and Richardson, K. (2014). Changes in the vertical distribution
of primary production in response to land-based nitrogen loading. Limnology and Oceanography,
59, 1679-1690 doi: 10.4319/lo.2014.59.5.1679. This study was part of a PhD study initiated and cosupervised by the author. Over 1000 primary production (PP) determinations carried out as part of the
Danish environmental monitoring program in the period 1999-2012 were analysed in relation to water
column characteristics and nitrogen (N) loading from land run-off. The study shows that a considerable
proportion of water column primary production takes place below the pycnocline in this region and that
the addition of N to surface waters from land run-off decreases the magnitude of the primary production
occurring here. This change in the vertical distribution of photosynthesis in response to nutrient loading
is potentially important as photosynthesis occurring below the pycnocline also introduces oxygen to this
layer. Thus, displacing PP from below to above pycnocline waters reduces an oxygen source to the
bottom layer of the water column.
8. Lyngsgaard, M.M., Richardson, K., Markager, S., Nielsen, M.H., Olesen, M. and Christensen,
J.P.A. (2014). Deep primary production in coastal pelagic systems: Importance for ecosystem
functioning. Marine Ecology Progress Series, 15, 15-33 doi: 10.3354/meps11015. This study builds on
(7) and suggests, by demonstrating a correlation between the two parameters, that the photosynthesis
taking place below the pycnocline is quantitatively important for the oxygen concentration in the bottom
layer of the water column. Furthermore, the study presents data from a water column in the Kattegat
over a short period during the stratified summer period. At the time of the study, phytoplankton
communities in the surface layer were dominated by small cells while those located near the pycnocline
were dominated by large cells. This suggests that changes in the vertical distribution of PP documented
in (7) have potential consequences for the diversity of phytoplankton and, ultimately, for the fate of the
carbon fixed through their photosynthesis.
9. Richardson, K., Bendtsen, J., Tang Christensen, J., Adjou, M., Moltke Lyngsgaard, M., Hilligsøe,
K., Pedersen, J. B., Vang, T. and Nielsen, M. H. (2014). Localised mixing and heterogeneity in the
plankton food web in a frontal region of the Sargasso Sea: implications for eel early life history?
Marine Ecology Progress Series, 504, 91–107 doi: 10.3354/meps10766. Most Earth System models
(e.g., Ciais et al., 2013) predict that global ocean PP will decrease in response to climate change owing
to an increase in the intensity of thermal stratification. However, in reality, we know very little about the
dynamics and drivers of photosynthesis in a stratified water column. This study demonstrates that
localized mixing events occurring deep in the water column apparently episodically deliver nutrients to
and, thereby, relieve nutrient limitation of the phytoplankton located in the overlying DCM. Aspects of
the distribution of zooplankton and the distribution of eel larvae are shown to correlate with these
localized regions of mixing. Furthermore, stable isotope distributions suggest that the food web is more
dependent on N coming from waters from below the pycnocline than on the fixation of atmospheric N,
diazotrophy, the deeper one looks in the water column. The study suggests that phytoplankton very deep

5

(> 100m) in the water column are in a better physiological condition than those found higher in the
water column.
Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway, J., Heimann, M., Jones, C., Le Quéré,
C., Myneni, R.B., Piao, S. and Thornton, P. (2013). Carbon and Other Biogeochemical Cycles. In: Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [eds. Stocker, T.F.,
Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex V. and Midgley, P.M.]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

10. Richardson, K. and Bendtsen, J. (2017). Photosynthetic oxygen production in a warmer ocean: The
Sargasso Sea as a case study. Philosophical Transactions of the Royal Socety A, 375, 2102 doi:
10.1098/rsta.2016.0329. This study continues the study started in (9) and, with a new set of data, further
investigates localised mixing events in the permanently stratified Sargasso Sea and their potential to
influence PP. A simple model is developed describing the seasonal development of phytoplankton in the
water column. The model fits well with climatologies and reproduces the development of the DCM in this
region. The model is then used to test the influence of various parameters on total water column PP.
Increasing the intensity of thermal stratification had no effect on water column PP in the model. The PP
was, however, sensitive to the passage of eddies that could potentially induce vertical flux of nutrients at
depth in the water column and thereby influence the depth of the nutricline and DCM. The study suggests
that a more thorough understanding of how climate change may influence eddy formation/intensity and
the depth of the nutricline will be important for projecting climate change impacts on PP in permanently
stratified ocean regions. The study also suggests that photosynthesis occurring at the DCM in this
region may be quantitatively important for oxygenation of the water column.
11. Bendtsen, J and Richardson, K. (2018). Turbulence measurements suggest high rates of new
production over the shelf edge in the northeastern North Sea during summer. Biogeosciences
15(23): 7315-7332 doi.org/10.5194/bg-15-7315-2018. Inspired by the analyses of the Sargasso Sea data
(9, 10), the author designed a study focusing on the potential of vertical mixing at depth to deliver
nutrients to phytoplankton in the North Sea. This study examines both total PP (estimated from the
incorporation of 14CO2) and new production (sensu Dugdale and Goering 1967) from nutrient flux
estimates based on turbulence measurements in the eastern North Sea. A region along the shelf edge is
identified as exhibiting higher f-ratios (% of new/total PP) than the rest of the study area. No surface
signal demarks this region and it would not be identifiable from the remote sensing of the bio-optical
characteristics of the surface layer. Thus, papers 9 – 11 emphasize the need – both in permanently and
seasonally stratified ocean areas - to better understand climate effects on the depth of the nutricline and
processes leading to the vertical transport of nutrients in the water column in order to predict PP in the
future ocean.
Dugdale, R. C. and Goering, J. J. (1967). Uptake of new and regenerated forms of nitrogen in primary productivity. Limnology and
Oceanography, 12, 196-206.

12. Richardson, K. and Bendtsen, J. (2019). Vertical distribution of phytoplankton and primary
production in relation to nutricline depth. Marine Ecology Progress Series, 620, 33-46 doi:
10.3354/meps12960. As with papers 3 - 6 and paper 9, this study takes as its starting point data
collected on the Galathea 3 expedition. These data are supplemented with archived data to identify
universal relationships in the open global ocean between 1) the depth of the DCM, 2) total primary
production (PP), and 3) the percentage of water column PP occurring in the upper 10 m and the depth
of the nutricline (defined as the depth at which nitrate [NO3−] = 1 μmol kg−1). This study again suggests
that the depth of the thermocline (which is usually associated with a nutricline) is likely more important
when considering potential effects of climate change on ocean PP than changes in the intensity of
stratification. These universal relationships are used to propose a new approach for estimating ocean
PP that combines remotely sensed bio-optical characteristics of the surface layer and the depth of the
nutricline. Applying this approach suggests that the permanently stratified regions of the global ocean
are likely more productive than usually assumed. The relationships identified can potentially allow real-
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time estimation of PP in the global open ocean. Thus, this paper provides a basis for improving
estimates of PP in the global ocean.

Because phytoplankton are very small and their identification – at least until the recent of advent of
molecular methods – laborious, most of our understanding of phytoplankton distribution and
activity in the global ocean comes from the study of bulk parameters (e.g., chlorophyll
concentration and primary production). There is, however, increasing evidence that the biodiversity,
i.e. the species present, of the phytoplankton is important both for the structure of food webs and for
the sequestration of carbon. The final four papers presented for evaluation focus on the underlying
causes of variability in the relationship between chlorophyll concentration and primary production
(13), how individual species may be of disproportionate importance with respect to ocean carbon
sequestration (14), the potential for using species distribution analysis (SDA) for estimating
changes in the distribution of phytoplankton species believed to be important for ocean carbon
sequestration (15), and how sub-mesoscale oceanographic features may promote and maintain
phytoplankton diversity (16).
13. Lyngsgaard, M.M., Markager, S., Richardson, K., Møller, E. F. and Jakobsen, H-H. (2017). How
well does chlorophyll, as a proxy for biomass, explain the seasonal variation in phytoplankton
activity? Estuaries and Coasts doi: 10.1007/s12237-017-0215-4. This study examines monitoring data
from the Kattegat and demonstrates that the ratio of chlorophyll a to both biomass and PP varies
throughout the annual seasonal cycle. Primary production follows light availability and is highest in
August, while chlorophyll peaks in early spring, in association with the spring bloom. This may lead to
an overestimate of the importance of the spring bloom in the annual production cycle. The relatively low
standing stock of phytoplankton (biomass and chlorophyll) in mid-summer, i.e., when PP is highest, may
be a function of high grazing pressure at this time.
14. Rynearson, T.A., Richardson, K., Lampitt, R.S., Sieracki, M.E., Poulton, A.J., Lyngsgaard, M.M.
and Perry, M.J. (2013). Major contribution of diatom resting spores to vertical flux in the subpolar North Atlantic. Deep Sea Reseach Part I, 82, 60-71 doi: 10.1016/j.dsr.2013.07.013. This study,
carried out in the North Atlantic at the onset of the spring bloom, examines a short-lived sinking event of
carbon from surface waters to deep (700 m) in the water column. Resting spores of a single diatom
species dominated phytoplankton carbon transport during the event. This species did not dominate in the
surface phytoplankton community and it would, therefore, not have been predicted on the basis of the
surface community composition that this species would be so important for carbon transfer. It is
suggested that a life cycle that includes the formation of resting spores may make some species
disproportionately important with respect to ocean carbon sequestration.
15. Jensen, L.Ø., Mousing, E.A. and Richardson, K. (2017). Using species distribution modelling to
predict future distribution of the phytoplankton species important for the biological pump. Marine
Ecology, 38(3) doi: 10.1111/maec.12427. This study, carried out by a masters student under the
supervision of the author, demonstrates that species distribution modelling can be used to predict
changes in response to climate change in the distribution of species believed to be important for ocean
carbon sequestration. The two species chosen for this study are the coccolithophorid, Emiliana huxleyi
and Chaetoceros diadema, i.e. the species identified as being of potentially disproportionate importance
for carbon transfer in (14). The analysis suggests that the distribution of C. diadema in a warmer ocean
will move northwards and that the species will be found over shallower waters where the potential to
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contribute to carbon sequestration in the ocean will be less than with the species’ current distribution
pattern.

16. Mousing, E.A., Richardson, K., Bendtsen, J., Cetinić, I. and Perry, M. J. (2016). Evidence of small
scale spatial structuring of phytoplankton alpha- and beta-diversity in the open ocean. Journal of
Ecology, 104 (6), 1682-1695. doi:10.1111/1365-2745.12634. This study further examines the data
presented in (14) and demonstrates that a small (~0.03) difference in salinity is associated with a
dispersal barrier for phytoplankton. That ephemeral sub-mesoscale oceanographic features can be so
important for phytoplankton distributions provides a potential explanation for how genetic diversity
canbe maintained even in phytoplankton apparently occupying the same water mass.
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“The winds, the sea, and the moving tides are what they are. If
there is wonder and beauty and majesty in them, science will
discover these qualities. If they are not there, science cannot
create them.”

Rachel Carson 1952. Acceptance speech of the National Book Award for non-fiction
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Resumé
Using macroecological patterns in the distribution of marine phytoplankton and photosynthesis to
better understand and quantify phytoplankton activity in the global ocean
This thesis is comprised of 16 of the author’s recent publications. These publications are placed into
both an ecological and an Earth System context in an accompanying text where Chapter 1 traces the
historical journey that brought phytoplankton from being viewed as biological curiosities to their
being recognized as important actors in the Earth System. The chapter concludes with the presentation
of two of the author’s recent papers relating to the role of the biosphere, including phytoplankton, in
the Earth System. These papers emphasize that the state of the Earth System is, at any point in time, a
product of the interaction between biological processes and the physical climate system and that there
is a need for a better quantification of the function of the biologically mediated carbon sinks in order
to predict future conditions on Earth. Ocean photosynthesis is a quantitatively important process in the
global carbon cycle. Thus, these papers justify the aim of this thesis: to identify macroecological
patterns in the distribution and activity of phytoplankton and use these to improve estimation of
photosynthesis (primary production) in the global ocean.
Chapter 2 reviews knowledge regarding the global distributions of phytoplankton and photosynthesis
in the surface ocean. The strengths and weaknesses of the bio-optical proxies used to represent
phytoplankton are discussed. Six of the author’s recent papers are presented for evaluation. One of
these relates to the discussion on proxies and describes seasonal variation in the relationship between
chlorophyll a concentration and photosynthesis in a temperate water body. This study also
demonstrates that introduction of nitrogen from land-based sources to the surface layer can be related
to changes in the vertical distribution of PP in the Kattegat. These results are discussed in Chapter 4.
Three papers document macroecological patterns relating phytoplankton community size structure to
temperature and photosynthetic performance that were unrecognized by the scientific community prior
to their publication. The remaining two, respectively, provide evidence that life histories involving
resting spore formation may make some phytoplankton species disproportionally important for
biological carbon sequestration in the ocean and apply Species Distribution Modelling to identify
potential distribution changes of one such species in response to climate change. The latter study
represents one of the first times that SDM has been applied to the study of phytoplankton.
Chapter 3 continues the focus on the surface ocean and examines some of the processes at the meso
and sub-mesoscales that lead to the global patterns identified in Chapter 2. Four of the author’s recent
papers are presented for evaluation. One identifies macroecological relationships between inorganic
nutrient availability and phytoplankton size distributions that were unrecognized before the
publication of this paper. The second presents evidence that sub-mesoscale oceanographic features
may act as dispersal barriers. The third provides evidence that mixing deep in the water column in
association with the shelf slope in the northeastern North Sea may lead to “hot-spots” of new primary
production. As these “hot spots” are not detectable in surface bio-optical characteristics, the elevated
PP taking place here will not be detectable through airborne remote sensing. The final paper examines
the relationships between chlorophyll concentration, phytoplankton carbon biomass and primary
production over the annual production cycle. Most global estimates of ocean PP rely on chlorophyll
estimates made from bio-optical characteristics of the surface water. The seasonal variation
demonstrated in the relationship between chlorophyll concentration and PP argues strongly for the
need to better constrain the temporal and geographic variation in photosynthetic parameters
normalized to chlorophyll concentrations in order to improve estimates of ocean PP derived from
remote sensing of surface waters.
Chapter 4 focuses on phytoplankton distribution and photosynthesis occurring below the surface
layer. Three of the author’s recent papers are presented for evaluation. One relies on monitoring data
from the Kattegat to argue that the photosynthesis (primary production, PP) occurring below the
pycnocline is quantitatively important for the oxygen conditions in the lower part of the water column.
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This paper also demonstrates vertical differences in the phytoplankton community size distributions
during the summer stratified period. The last two papers report studies carried out in the Sargasso Sea.
This region is particularly interesting because the water column is permanently stratified. Many Earth
System models predict that ocean PP will decrease in response to climate change due to an increase in
the intensity of thermal stratification. Therefore, a better understanding of the processes controlling PP
in a stratified water column is necessary for predicting how the warming of the surface ocean in
response to climate change may influence global ocean PP. On the basis of the data presented in these
studies, a model is developed describing the seasonal development of PP in this region. The model
suggests the PP occurring at the deep chlorophyll maximum (DCM) is quantitatively important for
oxygenation of this ocean region. It further suggests that changes in the intensity of thermal
stratification are unlikely to influence total PP. Instead, the model suggests that both the depth of the
nutricline and community species composition may influence PP in the region.
The paper presented in Chapter 5 identifies previously unrecognized global patterns in 1) the depth of the
DCM, 2) total water column primary production and 3) the vertical distribution of phytoplankton
photosynthesis (expressed as % of water column production occurring below 10 m) and the depth of the
nutricline (defined as the depth at which the nitrate concentration, [NO3−], is equal to 1 μmol kg−1). These
relationships were originally noted through analysis of the author’s own data and then corroborated using
archived data. A simple model is presented demonstrating that the relationship between the depth of the
DCM and the nutricline can be explained on the basis of light and nutrient availability. Using the
relationship describing the vertical distribution of PP and nutricline depth, a new approach is proposed for
estimating global ocean primary production from remotely sensed bio-optical characteristics of surface water
and nutricline depth (obtained from climatologies). Estimates made using this approach suggest that
oligotrophic regions of the world’s oceans may be on the order of 40% more productive than currently
assumed. Analyses presented in this chapter suggest that any changes in the depth of the nutricline in a future
ocean can be expected to influence the magnitude of the primary production occurring here. In contrast to the
most often employed algorithms for estimating global primary production from remotely sensed surface
characteristics, the proposed new approach to estimating global primary production would be able to take
into account potential changes in the vertical distribution of photosynthesis resulting from changing ocean
conditions.
Chapter 6 looks towards the future and identifies important areas for further investigation. Potential research
directions leading on from the macroecological patterns identified in this study are considered. It is argued
that autonomous data collection will soon allow real time determination of the depth of the nutricline so that
the possibility for estimation of contemporary global ocean primary production based on the combination of
remotely sensed surface bio-optical characteristics and nutricline depth may soon be a reality. It is anticipated
that the molecular biology/”genomics” revolution will allow the study of phytoplankton to move from being
largely based on observation of patterns in bulk properties of communities to the study of individual species
and their activity. Finally, it is argued that the most pressing challenge in terms of quantifying the interaction
between phytoplankton and the Earth System’s carbon cycle is a better understanding of how changes in
phytoplankton communities’ species composition impact both the biological uptake and sequestration of
carbon in the ocean.
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Dansk Resumé
Brug af makroøkologiske mønstre i fordelingen af marint fytoplankton og dets fotosyntese med
henblik på bedre forståelse og bestemmelse af primærproduktionen i verdenshavet
Afhandlingen består af 16 af forfatterens nylige publikationer. Disse er sat i både en økologisk og en
Earth System kontekst i den medfølgende tekst, hvor Kapitel 1 ser på den menneskelige forståelse af
fytoplankton i en historisk sammenhæng. Mens fytoplankton oprindeligt blev betragtet som kuriosa er
de i dag anerkendt som vigtige aktører i etableringen af de miljømæssige forhold på jorden. I
slutningen af kapitlet præsenteres to af de 16 artikler, som indgår i afhandlingen. Begge understreger
betydningen af biosfæren (alle levende organismer), herunder fytoplankton i etableringen af
miljøforholdende på jorden: På et hvilket som helst tidspunkt vil miljøforholdene være et produkt af
interaktionen mellem det fysiske klimasystem og biosfærens aktivitet. Det betyder, at der er behov for
en bedre forståelse og kvantificering af biologiens rolle i den global kulstofcyklus for at kunne
forudsige fremtidige klima- og miljøforhold på jorden. Den fotosyntese (primærproduktion), der finder
sted i havet udgør et vigtigt bidrag til den globale kulstofcyklus. De to publikationer som præsenteres i
dette kapitel understreger vigtigheden af studiets formål: identifikation af makroøkologiske mønstre i
marint fytoplanktons fordeling og aktivitet, samt anvendelsen af mønstrene til forbedring af
primærproduktionsestimater i verdenshavet.
Kapitel 2 opsummerer vores viden mht. den globale fordeling af fytoplankton og fotosyntese ved
overfladen i det globale hav. Fordele og ulemper med de forskellige biooptiske målinger, som
anvendes som proxyer for fytoplankton, bliver diskuteret. Seks af forfatterens nylige publikationer er
præsenteret til evalueringen. En af disse relaterer sig til diskussionen om proxyer, og beskriver
årstidsvariationen i forholdet mellem koncentrationen af klorofyl a og fotosyntese i tempererede
havområder. Den viser også, at introduktion af kvælstof til overfladevandet fra landafstrømning
tilsyneladende kan påvirke den vertikale fordeling af PP i vandsøjlen. Disse resultater bliver diskuteret
i Kapitel 4. Tre artikler påviser makroøkologiske mønstre, der relaterer fytoplanktonsamfundets
størrelsesstruktur til havets temperatur samt deres fysiologiske kapacitet til at udføre fotosyntese. De
sidste to publikationer, der præsenteres i kapitlet, fokuserer på artsniveau og understreger betydningen
af biodiversitet og funktionaliteten af enkelte arter i processer der relaterer sig til kulstoflagring i
havet. Resultaterne i den ene artikel giver anledning til at tro, at arter hvis livscyklus indeholder en
periode med sporedannelse især er vigtige for transport af kulstof fra havets overfladelag til lagring i
dybhavet. Den anden artikel anvender Species Distribution Modelling til at projektere hvordan
klimaforandringerne evt. vil påvirke den globale forekomst af to fytoplanktonarter som menes at være
vigtige for transport af kulstof fra havets overflade til dybhavet. Dette studie var et af de første, hvor
SDM er anvendt til at forudse fremtidige fordeling af fytoplanktonarter.
Kapitel 3 fortsætter med et fokus på fytoplankton ved havets overflade men ser på processer, der
finder sted på meso- og submesoskalaer og som bidrager til de globale mønstre omtalt i Kapitel 2. Fire
af forfatterens nylige publikationer er vedlagt til evaluering. Den ene påviser tidligere ukendte
makroøkologiske mønstre i forholdene mellem tilgængeligheden af uorganiske næringssalte og
størrelsesstruktur af fytoplanktonsamfundet. Det andet studie viser, at oceanografiske fronter, der
forekommer på submesoskala, potentielt kan fungere som spredningsbarrierer for fytoplankton. Den
tredje publikation identificerer områder i Nordsøen, hvor blanding dybt i vandsøjlen tilsyneladende
gør disse til ”hot spots” for nyproduktion. Da der ingen tegn er i biooptiske karakteristika i
overfladevandet vil disse ”hot spots” ikke kunne identificeres v.hj.a. remote sensing, fx. fjernmålinger
fra satellit. Den sidste publikation undersøger årstidsvariation imellem klorofyl a koncentration,
fytoplankton biomasse (C) og PP. De fleste globale estimater af havets PP bliver lavet udfra målinger
af biooptiske karakteristika af overfladevandet. Årstidsvariationen mellem klorofylkoncentrationen og
PP, der er beskrevet i studiet, understreger behovet for en bedre beskrivelse af både den tidsmæssige
og den geografiske variation i fotosyntetiske parametre for at kunne forbedre estimater af PP som er
baseret på remote sensing af havets overfladevand.
Kapitel 4 drejer fokus til fytoplanktons forekomst og den fotosyntese der finder sted under havets
overflade. Tre af forfatterens nylige publikationer er vedlagt til evaluering. Den ene anvender
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overvågningsdata fra Kattegat til at påvise, at den PP der finder sted under skillefladen korrelerer med
iltforhold i den dybeste del af vandsøjlen. Studiet viser også, at der var forskel i
fytoplanktonsamfundets størrelsesstruktur ned gennem vandsøjlen. De sidste to artikler afrapporterer
studier gennemført i Sargassohavet. Dette havområde er især interessant, fordi det er permanent
lagdelt. Mange Earth System modeller forudser et fald i havets PP som følge af klimaforandringer, idet
det er foreslået at opvarmningen af overfladelaget vil give anledning til en stærkere termisk lagdeling,
og derved medføre en reduktion af tilførslen af næringssalte til overfladevandet pga reduceret vertikal
blanding. Af den grund er der behov for en bedre forståelse af de processer, der styrer PP i en lagdelt
vandsøjle for at kunne forudse hvordan klimaforandringer evt. vil påvirke havets PP. På basis af data
afrapporteret i disse to artikler er der udviklet en model som beskriver udviklingen af PP henover året i
dette område. Modellen viser, at den PP der finder sted ved det dybe klorofylmaksimum (DCM)
bidrager til iltning af vandsøjlen i området. Desuden tyder modellens resultater på, at ændringer i
intensiteten af den termiske lagdeling ikke kan forventes at påvirke PP. Derimod tyder modellens
resultater på, at både dybden af nutriklinen og artsammensætningen af fytoplanktonsamfundet kan
forventes at påvirke PP.
Artiklen der er præsenteret til evaluering i Kapitel 5 identificerer hidtil ukendte globale mønstre i 1) DCM
dybden 2) total PP i vandsøjlen og 3) den vertikale fordeling af PP (udtrykt som procentdelen af vandsøjlens
PP, der finder sted på dybder > 10 m) og dybden af nutriklinen (defineret som dybden hvor [NO3−] = 1 μmol
kg−1). Disse mønstre blev oprindeligt opdaget ved at analysere forfatterens egne data, og blev derefter
bestyrket ved analyse af arkiverede data. En enkel model præsenteres, som viser at forholdet mellem DCM
og nutriklindybde kan forklares ud fra tilgængeligheden af lys og næringssalte. En ny tilgang til estimering af
PP i havet foreslås, som er baseret på det beskrevne forhold mellem den vertikale fordeling af PP og
nutriklindybden, hvor remote sensing af biooptiske karakteristika i overfladevandet og nutriklindybden
(hentet fra klimatologier) anvendes til estimering af PP. Når denne tilgang anvendes tyder resultaterne på, at
omfanget af PP der finder sted i havets oligotrofe områder kan være ~40% større end almindeligt antaget. En
konklusion fra kapitlet er, at eventuelle ændringer i nutriklindybden i de store oceaner som følge af
klimaforandringer vil forårsage ændringer i omfanget af primærproduktion. I modsætning til traditionelle
algoritmer til estimering af havets primærproduktion, gør den foreslåede tilgang det muligt at tage højde for
eventuelle tidsmæssige ændringer forårsaget af klimaforandringer i den vertikale fordeling af
primærproduktion i vandsøjlen.
Kapitel 6 vender blikket mod fremtiden og peger på vigtige forskningsområder, der skal tackles for at opnå
en bedre forståelse og kvantificering af den primærproduktion, der finder sted i det globale hav. Mulige
forskningstilgange, der udspringer fra de makroøkologiske forhold identificeret i afhandlingen, bliver
diskuteret. Det forudses, at dataindsamling ved hjælp af sensorer monteret på mobile ubemandede enheder
(som anvendes i mindre skala allerede i dag) snart vil gøre det muligt, at opnå næsten “real-time”
kortlægning af nutriklindybder i havene. En sådan udvikling vil gøre det muligt at estimere
primærproduktion ud fra overfladens biooptiske karakteristika (målt ved satellitmonterede sensorer) samt
kendskab til den vertikale fordeling af primærproduktion og nutriklindybden. Hidtil har man i næsten alle
tilfælde været nødt til at studere fytoplankton og dets aktivitet på basis af målinger lavet på det samlede
samfund, men den revolution indenfor molekylærbiologi, der lige nu finder sted, er ved at gøre det muligt, at
studere de enkelte fytoplankton og deres ageren i forhold til både de biotiske- og abiotiske forhold de oplever
i vandet. Endelig argumenteres der i kapitlet for at den mest presserende forskningsudfordring ift.
fytoplankton er, at opnå en bedre forståelse af hvordan ændringer i fytoplanktonsamfundets
artssammensætning påvirker både det biologiske optag og lagringen af kulstof i havet på global skala.
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Chapter 1: From curiosities to agents in climate control
This chapter traces the historical journey through which phytoplankton transitioned
from being viewed as biological curiosities to being viewed as important agents in the
Earth System. Two of the author’s recent papers relating to the role of phytoplankton in
the Earth System are presented for evaluation. The first addresses the role of biological
activity, including photosynthesis, in an Earth System context and argues that the state
of the system as a whole will, at any given point in time, be a product of the interaction
between the physical climate system and the activity of the biosphere. The second
illustrates the importance of the biosphere in establishing climate conditions on Earth
by examining how a 2 oC average global temperature increase might affect biological
processes that, in turn, could strengthen feedbacks in the Earth System and lead to a
continued warming of the Earth – even if humanity manages to control its emission of
greenhouse gases and respects the Paris Climate Agreement. This paper demonstrates
that the combination of biological processes the Intergovernmental Panel on Climate
Change (IPCC) collectively refers to as “weakening of physiological carbon sinks”
which includes processes both on land and in the ocean is quantitatively the most
important potential biological feedback in the global carbon cycle. The processes
included in “weakening of physiological carbon sinks” are not well constrained in the
Earth System models used to project future Earth conditions. While estimates of ocean
photosynthesis are generated and used in such models, these estimates are usually
based on simplified bio-optical properties determined in the surface ocean. This thesis
synthesizes the understanding of the distribution of photosynthesis in the global ocean
and proposes a new approach for estimating this photosynthesis based on new
understanding of the vertical distribution of primary production in the world’s oceans.
As far as we know, the very first human eyes ever to observe a marine plankter in detail were van
Leewenhoek’s. The event took place in the summer of 1676 when, with the help of his recently
developed light microscope, van Leewenhoek saw what he believed to be a tiny animal in a water
sample taken for him at the Dutch coast. Today, it is believed that the organism he saw may have
been Mesodinium rubrum (de Baar, 1994). If, indeed, this was the case, then 340 years later, the
question of whether van Leewenhoek had actually discovered a plant or an animal remains, to a
large degree, unresolved. Technically, M. rubrum is classified as a ciliate (animal) – but it is a
photosynthesizing animal (Taylor et al., 1971). This is made possible by the ciliate ingesting
phytoplankton and utilizing the chloroplasts they contain for carrying out photosynthesis by
ingesting cryptophyte algae (Gustafson et al., 2000; Hansen et al., 2012). Thus, the first marine
plankter ever seen was probably an animal but one that, to a large extent, functions as a plant. This
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is an important point as most textbooks on marine biology and ecology still suggest a clear
separation between plant and animal plankton (i.e., phyto- and zooplankton). It has, in fact, become
clear in recent years (e.g. references in Richardson 2013) that the “part animal-part plant” strategy
exhibited by M. rubrum may be more the rule than the exception in the world of marine plankton.
Living in water rather than air would seem to offer greater opportunities for marine compared to
terrestrial organisms to develop feeding strategies allowing them to meet their energy needs through
a combination of harvesting energy from the sun (autotrophy) and from dissolved (DOC) and/or
particulate organic carbon (POC) (heterotrophy) contained in the fluid medium surrounding them.
Given that so many marine “plants” developed the capacity to obtain energy from different sources,
we have to believe that this nutritional strategy must have been evolutionarily advantageous.
Representatives have been identified from all of the eutrophic taxonomic groups of phytoplankton
that – in a variety of fascinating and ingenious ways – combine autotrophy and heterotrophy in their
feeding strategies (Flynn et al., 2012; Subashchandrabose et al., 2013). Thus, it is important to
emphasize from the outset that, while this thesis takes as its starting point phytoplankton and their
photosynthesis, the organisms we assign to this generic grouping are much more diverse (and
interesting) than most textbooks would lead the reader to believe (Figure 1.1). Most notably, it
would be wrong to consider them as simply being tiny plants.
During the two centuries following van Leewenhoek’s discovery, many more of the organisms that
we now call phytoplankton were found with the help of the microscope. For the most part, however,
they were considered as curiosities and, not surprisingly, were seldom even recognized as
potentially having plant properties. The Danish naturalist Otto Friedrich Müller (1730 – 1784) is
credited with being among the first to attempt to describe some of the individual organisms
(including what now are known as chrysophytes) that we now call phytoplankton in two seminal
works published in 1773 and 1786 (Anderson, 2004). The century following the publication of
Müller’s works belonged to what Anderson (2004) christened the “discovery (of microalgae)
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period” (1753-1882). During this period, many phytoplankton were described but no one,
apparently, even contemplated the possibility that these tiny organisms could play any role in
shaping the world around them.
Figure 1.1. Example of the diversity of phytoplankton in a plankton tow made in the North
Sea. The diameter of the largest round plankter, a Coscinodiscus species, just left of center is ~
200 µm. The smallest phytoplankton are too small (~ 0.3 µm in length) to be seen. Photo: N.
Nichols.

That changed in the late 19th Century, when the German, Victor Hensen, professor of physiology at
the university in Kiel, became convinced that the “blooming” of the tiny plants living in the sea was
somehow related to fluctuation in the local fisheries. Hensen (who had succeeded Peter Ludvig
Panum in the physiology chair at Kiel when Panum returned to Copenhagen in 1864) was fiercely
devoted to and concerned about the struggling economy in the region where he had grown up (now
known as Schleswig-Holstein) and wanted desperately to understand what caused the fishery, upon
which the region depended, to fluctuate. Therefore, in addition to pursuing a noteworthy medical
research career, Hensen turned his attention to understanding the causes of fluctuations in the
fishery.
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Fisheries and agriculture were both depressed in northern Germany at that time and there was
political interest in supporting them. Therefore, funds were made available for research in both
sectors. In the hope of stimulating the region’s fisheries, it was decided in 1870 to establish the
“Kiel Commission”, a scientific body charged with collecting basic marine data with a particular
focus on that which could be relevant for fisheries biology. The establishment of the Commission
was instrumental to the development of marine science in Kiel and to what later became known as
the “Kiel School”, within which Hensen was a dominant figure (Mills, 2012).
Hensen believed that fluctuations in fisheries were somehow linked to the nearly invisible particles
that float in the ocean and turned to a colleague at Kiel, Richard Förster, professor of classical
philology and elocution, for help in christening these particles. Thus it was that, in 1887, the term
plankton (taken from Greek and meaning to wander, drift1) was introduced. Originally, Hensen
anticipated that the term should include both living and dead microscopic particles in the ocean.
However, even he used it primarily when referring to living organisms, a usage that has continued
until the present. So convinced became Hensen of the importance of phytoplankton for ocean
productivity that he - as only a medical doctor could – in a seminal paper from 1911, referred to
them as being the “blood of the sea” (Mills, 2012).
After Hensen, there was no possibility of reverting back to the earlier view of phytoplankton as
simply being curiosities of nature. Indeed, we now recognize that phytoplankton are important
agents in shaping global climate and are even likely candidates for having played a role in
transitioning the Earth in and out of recent (in geological terms) ice ages (e.g., Sigman and Boyle,
2000). Both the understanding of phytoplankton as organisms and the recognition that they play an

1

On-line Etymology Dictionary accessed 17 May, 2016: http://www.etymonline.com/index.php?term=plankton
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important role in local ecosystems as well as in Earth System processes have developed
dramatically since Hensen surmised a possible relationship between the “blood of the sea” and
fisheries production.
From a “helicopter perspective”, the trajectory of this development in scientific understanding can
be roughly divided into three different phases, each shaped by the prevailing scientific
thinking/thinkers of its period. As research is done by people, the research process cannot be
otherwise. As we will see, however, following the scientific “fashion of the period” can sometimes
lead to delays in developing an understanding of how systems actually function.
1.1.

Phase I: “Searching for the fisheries link” (1880s -~1950)

This period in phytoplankton research was shaped to a very large degree by the gauntlet laid down
by the Kiel Commission, including Victor Hensen and others, at the end of the 19th Century. Thus,
an overriding goal for much of the research carried out during the entire period was to quantify the
link between phytoplankton and fisheries production. It was during this period (1902) that the
International Council for Exploration of the Seas (ICES) was inaugurated (Figure 1.2) and the
Council’s early goals and structure clearly reflected this desire to link phytoplankton and fisheries
research (Mills, 2012).
To make the link between plankton and fisheries, a fundamental understanding of what controls
phytoplankton abundance and production was needed and a lasting legacy to the study of
phytoplankton that emerged from this from this period was the concept that a single nutrient (in
most cases nitrogen) was limiting for plankton growth. Once again, this was a seminal idea
emerging from the “Kiel School”. In 1888, Karl Brandt became the new professor in zoology in
Kiel. He was highly influenced by agricultural research (which, like fisheries research, was being
heavily supported in Germany at this time) and was convinced that production processes in the
ocean could be compared to those occurring on land.
21

Drawing on the agricultural studies of Liebig (1855) in which he formulated his now famous Law of
the Minimum, Brandt (1899) deduced that phytoplankton growth would be limited by a single
nutrient and identified nitrogen as being the most likely candidate for this limitation. It was also
Emil Raben, working under the direction of Brandt, who developed, in 1904, the first methods for
measuring inorganic nutrients in seawater (Mills, 2012). Despite some contemporary protests (see
de Baar, 1994), the idea of a single limiting nutrient controlling phytoplankton production became
mainstream not only during this period, itself, but also survived well beyond. Indeed, the concept
survives in many textbooks even today.
Figure 1.2. Time-line of discovery in phytoplankton studies: 1870 – 1950

In fact, Brandt in all likelihood misapplied Liebig’s Law of the Minimum by lifting it out of its
original context and applying it to an entirely different field (de Baar 1994). How and why Brandt’s
ideas of nutrient limitation gained such prominence and were able to reign in plankton biology over
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the next century, especially in light of the criticisms that the idea already elicited when it was
presented, remain unclear. However, de Baar (1994) suggests that the hierarchy in established
science at that time and the fact that Brandt occupied a prestigious professor chair may have made it
difficult to question his scientific position. In any event, research in recent decades has now
provided a much more nuanced understanding of role of nutrients in controlling phytoplankton
biomass and activity (see Chapter 2).
Understanding the relationships between phytoplankton and fisheries production or even the factors
controlling phytoplankton production was, however, still well into the 20th Century, hampered by
the lack of a method to determine this production. Thus, a recurring theme throughout the period is
the search for such a method. After World War I, the importance of Kiel as a major driver in
plankton studies waned and another major center for marine research emerged in Plymouth,
England. The director of the Plymouth laboratory, E. J. Allen, was convinced that the factors
influencing ocean productivity were chemical and physical. He hired, therefore, primarily chemists
and physicists and charged them with unravelling the mysteries surrounding ocean productivity. It
was, to a very large degree, these workers in Plymouth that took over from the Kiel School the
search for a method to quantify plankton production.
Not surprisingly, given the areas of expertise represented by the scientific team assembled at
Plymouth, many of their attempts to quantify plankton production focused on the determination of
bulk changes in chemical properties of seawater (Mills, 2012). Notable among these attempts was
when Atkins (1922), based on data collected on cruises made together with H.W. Harvey (Mills,
2012), made the first attempt to estimate plankton production by measuring pH changes in seawater.
A year later, he (Atkins, 1923) attempted to confirm these estimates through the analysis of changes
in the phosphate concentration in seawater. Despite the great improvements being made during this
period in the analytical methods used to quantify the chemical constituents of seawater, it soon
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became clear that the variability in the concentrations of these constituents precluded the
quantitative estimation of plankton production in this manner (Mills, 2012).2
Interestingly, these attempts to indirectly quantify phytoplankton production based on the impact
their activity made in the concentrations of the chemical constituents in seawater actually occurred
after the first attempts to directly measure phytoplankton photosynthesis. In 1916, Gaarder and
Gran, working in a Norwegian fjord, had shown that changes in oxygen concentration in enclosed
bottles containing seawater and suspended at various depths in the water column could be related to
plankton growth (Mills, 2012). However, their approach did not achieve widespread interest until
much later.
According to Mills (2012), several factors may have delayed more widespread awareness of their
studies: Firstly, the method was originally described in Norwegian and secondly, when the method
was presented at ICES in 1918, the war prevented participation of scientific delegations from nonneutral countries. Thus, neither the German nor the UK scientists, i.e., the two communities that
dominated scientific thinking in terms of ocean productivity at that time, were in attendance. It was
not until 1927 (Gaarder and Gran, 1927) that the method was published in English. While this
oxygen incubation method was a great advancement on early attempts to measure plankton
production, it was still time consuming and cumbersome in that it entailed in situ incubations. In
addition, it was plagued by interactions with bacterial activity and still not sensitive enough for
routine use when phytoplankton activity was limited.

2

One cannot help but speculate how the future course of the study of plankton might have differed if these early

attempts to measure plankton production based on changes in bulk properties of seawater had been successful as
changes in bulk chemical properties relate to “new” production (sensu Dugdale and Goering, 1967). Thus, had bulk
methods for the measurement of plankton production won favor, much of the future discussion in plankton studies
concerning new/regenerated production and gross vs. net primary production (see review by Marra, 2009) might
have been avoided.
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Tremendous improvements in the ability to estimate phytoplankton biomass were also made during
this early phase in the study of plankton. In addition to developing a method for measuring nitrate in
seawater (Harvey, 1926) which greatly improved on that introduced by Raben in 1904, Harvey
(1934) developed a method by which the amount of phytoplankton present in a water sample could
quickly and simply be estimated by extracting pigments in acetone. The relative differences in
optical properties between the different samples could then be used to assess their relative pigment
contents. Thus, great advancements in terms of quantifying the chemical and biological constituents
of seawater were made in this early period of the study of plankton.
Not all research in this period was, of course, devoted to understanding the nutrient control of
phytoplankton or finding methods to quantify the abundance and productivity of plankton. After
having tracked the development of plant pigments in relation to zooplankton abundance throughout
the year in the English Channel, Harvey et al. (1935) recognized that herbivory by zooplankton can
exert top-down control on the standing stock of phytoplankton. This recognition came, however,
only after 3-4 decades of dedicated focus on nutrients as a bottom-up controlling factor of
phytoplankton distribution and activity. Thus, by this time, the idea that bottom-up control was
most important for establishing phytoplankton biomass was well entrenched. Even today, there is
still not a well-developed understanding of the interaction between top-down and bottom-up control
of phytoplankton standing stock. Studies such as Lyngsgaard et al. (2017) have shown that there
can be large seasonal variation in the importance of zooplankton grazing in the control of
phytoplankton standing stock. Likewise, there is large geographic variation in the relative
importance of top-down and bottom-up control of phytoplankton standing stock.
Perhaps due to this temporal and spatial variation, a thorough macroecological understanding of the
balance between top-down and bottom-up control of phytoplankton distributions under different
conditions remains elusive. The primary focus of the current study is to identify and employ
macroecological patterns in order to better understand and quantify phytoplankton photosynthesis at
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the level of the global ocean (Earth System). Photosynthesis is directly controlled by the bottom-up
control factors of nutrient and light availability and is also the phytoplankton process most directly
interacting with the global carbon cycle. Therefore, the focus throughout the thesis is on the bottomup control of phytoplankton and their activity.
In addition to recognition of the potential top-down biological control of phytoplankton standing
stock, this early period in the history of our understanding of phytoplankton as the basis of the
marine food web also yielded seeds of understanding for how important hydrographic conditions
can be for establishing biogeographic patterns in phytoplankton and their activity. Gran (1902)
noted seasonal distributions in plankton abundance and Gran and Braarud (1935) reported that
water column stratification could be associated with the blooming of plankton. Sverdrup (1953)
later quantified the principles outlined by these early workers in what is now universally known as
Sverdrup’s “critical depth hypothesis” (see Chapter 3).
It was also in this period that Redfield (1934) first described the ratios of elements in
phytoplankton. These were further elaborated on in a 1958 paper where he suggested that the ratios
of elements in seawater might actually be controlled by the concentrations in plankton (protoplasm)
and it is this latter paper that is usually cited. This was also a period in which many more
phytoplankton species were described – although little effort was made to relate these species in an
evolutionary/phylogenetic context (Andersen, 2004).
Finally, at the very end of this period, American researchers began to make their mark on plankton
research. They brought a new, much more mathematical and ecological, approach to the whole
problem of interactions between plankton and their environment. Smith (1936), as part of his PhD
studies, had quantified the relationship between primary production and both light and CO2
availability. Thus, he was the first to mathematically formulate rates of photosynthesis in relation to
controlling variables, i.e., P vs. E (photosynthesis vs. light) relationships. He was also the first to
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suggest that photosynthesis could be controlled by two reaction centers. In 1942, Lindeman
considered energy transfer between trophic levels and concluded that only about 10 % is transferred
from one trophic level to the next.
Gordon Riley was also an important figure at the end of this period. He was one of the first to
attempt to understand and derive relationships between plankton and environmental factors through
the statistical analysis of existing data (Mills, 2012). When the mathematical formulations existing
in statistics did not yield satisfactory results, he turned the whole process around and developed
theoretical equations to explicitly describe plankton distributions (Riley et al., 1949). Thus, by the
mid-20th Century, the scene was set for developing mathematical models to describe the interactions
of ocean processes. Nevertheless, a quantitative and reliable method for assessing phytoplankton
production on a regional or global scale still remained elusive.
1.2. Phase II: “Automation and Ecosystems” (~1950 – 1970s)
Finally, in 1951, Einar Steemann Nielsen (Figures 1.3 and 1.4) published a robust method for the
direct quantification of phytoplankton primary production. At the same time, he presented an
estimate of global ocean primary production which had been produced on the basis of application of
this new method on the globally circumnavigting Galathea 2 Expedition (Steemann Nielsen, 1951;
1952). The introduction of atomic bombs during WWII had led Steemann Nielsen to recognize that
radioactive material also could have value in peace time. By adding a known amount of radioactive
carbon dioxide (14CO2) to a water sample containing a known concentration of inorganic carbon,
incubating the sample in light, and quantifying the incorporation of 14C in the plankton retained on a
filter, it was possible to quantify the photosynthesis that had taken place in the sample. With only
minor modifications, the method prescribed by Steemann Nielsen for estimating aquatic primary
production is still the preferred method of today.
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Figure 1.3. Einar Steemann Nielsen (kneeling) on the Galathea 2 Expedition (1950-1952)
where he first applied his 14C method of estimating phytoplankton primary production. Photo
courtesy of Torben Wolff.

It was also just after WWII that phytoplankton systematics research moved from being largely
descriptive to having a focus on evolutionary and phylogenetic relationships (Anderson, 2004). The
timing here seems likely to be due to the fact that the electron microscope had been developed in
the 1930s and access to such facilities was becoming more widespread in the period after WWII.
Electron microscopy is, of course, essential for identifying and comparing subtle differences
between organisms in the size range of phytoplankton. Thus, by the mid-20th Century, a much more
sophisticated understanding of the organisms that collectively are known as phytoplankton was
emerging and a method to measure their activity had been developed. The scene appeared to be set
for a major breakthrough in terms of unravelling the phytoplankton-fisheries link that science had
been focusing on for nearly three quarters of a century.
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Unfortunately for the scientific pursuit of this link, WWII had given rise to more than the advent of
radioisotopes. Two British fisheries biologists, Ray Beverton and Sydney Holt, had been unable to
go to sea during the war years. Instead, they had focused their energies on developing a new
mathematical model (Beverton and Holt, 1957) by which it was possible to assess the size of fish
stocks without input concerning the abundance or productivity of phytoplankton. Also here, with
few modifications, the Beverton-Holt model still forms the basis of most fish stock assessment.
Thanks to this new model, fisheries biologists no longer “needed” an understanding of
phytoplankton production to predict fluctuations in fish stocks. Thus, WWII had the unintended
(and seldom appreciated) consequence that the fisheries and phytoplankton research communities
from that point on developed along entirely different trajectories (Richardson, 2002).
Phytoplankton studies during the period encompassing the 1950s - 1970s moved, then, away from
seeking a causal link between phytoplankton productivity and commercial fisheries yields and
focused instead on phytoplankton as components of marine ecosystems and energy flow within
these ecosystems. It was in this period that Hutchinson (1961) articulated the now famous “paradox
of the plankton” which queries why so many different plankton species are found. Ecological theory
holds that the number of species in a given environment will be limited by the number of ecological
niches available and, yet, myriad plankton species are known to be found in aquatic environments
where only a limited number of niches appear to be available. The attention of plankton researchers
was focused on this conundrum for decades in the wake of Hutchinson’s seminal paper, although it
is now clear that aquatic environments offer many more niches to planktonic organisms than are
immediately obvious to the human observer (See Chapters 3 and 4). Ironically, around the same
time as Hutchinson was formulating this paradox, it was becoming recognized (Cassie, 1959; 1963)
that phytoplankton are “patchily” distributed even over relatively small scales. One would have
thought that observation, in itself, might have given Hutchinson and others reason to question
whether the ocean environment really is as homogeneous as Hutchinson was assuming.
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Figure 1.4. Time-line of discovery in phytoplankton studies: 1950 – 1980

While Hutchinson focused on the apparent differences between terrestrial and aquatic systems,
Margalef, a few years later (1963), focused on the similarities. In a seminal study, that likely
receives too little consideration by contemporary phytoplankton ecologists and biological
oceanographers (see Chapter 3), Margalef attempted to explain community structure and energy
flow in both plankton and terrestrial ecosystems in relation to disturbance and resource availability.
Dugdale and Goering in 1967 recognized that it was only externally introduced nutrient (“new”
nitrogen) to a system (for example through upwelling from deep nutrient-rich waters to the surface
waters in the euphotic zone or N fixation from the atmosphere) that could lead to a net increase in
the phytoplankton biomass produced. Thus, these authors differentiated between “new” and
“regenerated” primary production, where new is based on nitrogen (primarily NO3-) being made
available to the system from external sources and regenerated based on the nitrogen found in
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products (NH4+) of the metabolism of organisms already within the system. This, of course, made
the interpretation of the direct primary production measurements facilitated by Steemann Nielsen’s
method much more complex in that it meant that one cannot assume a simple and constant
relationship between the amount of carbon fixed through photosynthesis and a net increase in
biomass within an ecosystem.
That there should not be a constant relationship had been argued on theoretical grounds by Riley
(1963) but was not demonstrated empirically until Dugdale and Goering (1967) used 15N-labelled
compounds to trace the use of different nitrogen species in natural phytoplankton communities.
Eppley and Peterson (1979) further elaborated on this theme by defining an “f-ratio” to represent
the percentage of total primary production that is new (i.e., with a potential for export out of the
ecosystem) in a given system. The higher the f-ratio, the greater the proportion of new production in
any given ecosystem.
Coincident with these elaborations of both of the relationship between nitrogen availability and
primary production and ecosystem structure, computer capacity was rapidly increasing. This
facilitated the creation of relatively sophisticated ecosystem models. A classic example of the genre
was John Steele’s 1974 ecosystem model of the North Sea that is still today a part of the marine
biology curriculum at many universities. As Steele expressed it, the purpose of such model was “to
show how theory, observation, and experiment can be combined, and how closely each depends on
the other”.
The works of Riley and others who had used the language of mathematics to quantitatively describe
plankton processes had, of course, paved the way for the new modeling approach that emerged in
the mid-20th Century. Not only ecosystems but also the processes of which they were comprised
were now subject to attempts to describe them mathematically. Already in the late 1950s, models
had been developed to describe the water column’s primary production from surface chlorophyll
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and light intensities (Ryther and Yentsch, 1957) and photosynthesis in the water column (Talling,
1957).
Although phytoplankton science had largely abandoned the goal of linking primary production to
fluctuations in fisheries recruitment after the Beverton and Holt model was introduced, Ryther
(1969) did use both 14C primary production determinations and the then contemporary
understanding of ecosystem energy flow to make estimates of the maximum fisheries yield that
oceanic, coastal and upwelling regions of the ocean could, respectively, sustain. This highly
acclaimed paper also continues to be a part of many university curricula.
The period immediately following WWII was also a period of new instrumentation. Thanks to
electronic innovation, the ability to carry out the continuous measurement of the most of the basic
measurements critical to plankton research was developing rapidly and the CTD (Conductivity
(salinity), Temperature Depth) profiler became a reality during the early 1960s, largely as a result of
the efforts of Neil Brown from the Woods Hole Oceanographic Institute (Baker, 1981). Continuous
measurement of chlorophyll, using fluorescence as a proxy, was introduced in 1966 (Lorenzen).
Automated methods for determining the concentrations of different inorganic nutrients also
emerged in the 1960s and, in 1970, Stephens could report on a successful sea-trial (during which 5
storms were encountered!) where, with the help of an “autoanalyser”, nitrate, phosphate and silicate
had been automatically recorded over the entire cruise.
Much focus is given in the following chapters (4 and 5) to the formation and importance for water
column primary production of deep chlorophyll maxima (DCM). Therefore, it is interesting to
briefly consider how they were regarded in this period of phytoplankton history. DCMs are found to
occur in all stratified water masses and are defined as being present when the maximum chlorophyll
concentration encountered in the water column is not associated with the near surface, i.e., where
light is most plentiful but, rather, deeper in the water column – up to about 140 m. Riley et al.
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(1949) had acknowledged the existence og DCMs and assumed that they were caused by sinking of
cells.
Steele and Yentsch (1960) returned to this problem. Despite the fact that their data demonstrated an
association between the DCM and the nutricline in their study area (we now recognize that
phytoplankton are often concentrated at depths in the water column where access to both light and
nutrients would appear to be maximized, see Chapter 4), they apparently did not question the Riley
et al. (1949) explanation that DCMs are caused by sinking cells. They argued, however, based on
theoretical considerations, that DCMs could not form unless phytoplankton cells have differential
sinking rates. They then provided support for this argument by demonstrating in laboratory studies
that individual phytoplankton species did, indeed, have different sinking rates depending on when
in their growth cycles sinking rate was determined. It was not until the early 1980s (Cullen, 1982),
that it became widely appreciated that DCMs can form for a variety of reasons. To be fair, however,
it should be remembered that it was not yet possible to collect continuous vertical profiles of
chlorophyll a fluorescence in 1960, at the time when Steele and Yentsch carried out their study.
They had, therefore, no way of knowing how ubiquitous these phenomena are in the world’s
oceans.
This second period in the history of the study of phytoplankton drew to a close with the launching
of the Coastal Zone Color Scanner (CZCS) onboard the satellite Nimbus 7, in 1978 (Hovis et al.,
1980). CZCS was the first satellite-mounted sensor explicitly designed for the remote sensing of
surface waters of the ocean and heralded the arrival of an era with “high-tech” opportunities to
study the role of phytoplankton in the global marine environment. Chlorophyll a concentration
canbe estimated from optical characteristics of the surface ocean. Thus, the sensors mounted on
Nimbus 7 provided an opportunity to estimate the chlorophyll concentration at the surface of the
ocean. Combining these optical measurements with earlier studies, i.e., Ryther and Yentsch (1957),
where water column primary production was described in relation to surface characteristics opened
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for the exciting possibility of estimating primary production in the entire global ocean using data
collected almost simultaneously.
1.3. Phase III: High-tech, the Earth System and “the devil is in the detail” (late 1970s – present)
The CZCS launched on Nimbus 7 became operational in November, 1978. Initially, the operation of
this sensor was conceived only as “proof of concept” and it was anticipated that its lifetime would
only be 1 year. In fact, the CZCS continued to monitor the ocean surface until 1986 (Goddard Earth
Sciences Data and Information Services 2016). Other sensors able to monitor surface ocean optics
have since come on-line and remote sensing of the ocean (and terrestrial) surface is now common.
The first global estimate of primary production based on the CZCS (45-50 Pg C yr-1) was presented
by Longhurst et al. in 1995 (Figure 1.5). Since then, many algorithms for estimating primary
production from remotely sensed optical characteristics of the ocean surface have been developed.
Estimates for global annual primary production using these different approaches vary between
about 30 and 50 Pg C yr-1 (Behrenfeld and Falkowski, 1997a). This suggests that the carbon uptake
through photosynthesis occurring in the ocean is quantitatively similar to that occurring on land
(Field et al. 1998) – a fact that the early observers of phytoplankton certainly never would have
envisioned - and also of note in terms of the contemporary focus on the Earth’s natural carbon
sinks.
Perhaps the most commonly employed model for estimating global ocean primary productivity is
the Vertically Generalized Production Model (VGPM) introduced by Behrenfeld and Falkowski
(1997b). This model tends to produce estimates of global ocean primary productivity at the high end
of the range. Possibly as a result of the widespread use of this model, a value of ~ 50 Pg C yr-1 is
often cited (e.g. Field et al., 1998) as the global estimate for net primary production in the ocean. As
papers submitted with this thesis show, however, the photosynthetic parameters used in the VPGM
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model may be somewhat higher than the average of in situ measurements and this model
may,therefore, lead to estimates that are higher than actual primary production.
Figure 1.5. Time-line of discovery in phytoplankton studies: 1980 - present

These considerations become important because ocean primary productivity is no longer only a
matter of scientific interest for those interested in phytoplankton ecology. Also researchers in Earth
System science, a relatively recently developed scientific discipline, now rely on global estimates of
ocean primary production for their studies. This new discipline emerged largely within large
international global change research programs such as the International Geosphere Biosphere
Program, IGBP, (see Richardson and Steffen, 2014) and recognizes that that the Earth “behaves as a
single, self-regulating system comprised of physical, chemical, biological and human components”
(Amsterdam Declaration on Global Change, 2001). Earth System science is devoted to
35

understanding the interactions (feedbacks) occurring within and the factors controlling the state of
the system as a whole.
Advances in computing capability which have enabled the development of complex global models,
as well as the recognition that human activities are influencing the Earth at the global level, have
fueled the rapid development of this new discipline. An important development within the
discipline was the introduction of the “planetary boundaries” framework (Rockström et al., 2009).
This framework attempts to identify a “safe operating space” for humanity, i.e., a level of human
perturbation of the Earth System beyond which there is an increased risk of human activities
catalyzing a change in the state of the Earth System as a whole.
The planetary boundaries framework was further developed by Steffen et al. (2015) who took as a
starting point the fact that the Earth is unique in relation to all other known planets because it hosts
life. All planets have a physical climate system, which is an expression of the amount of the sun’s
energy that is stored on or close to a planet’s surface, where this energy is stored, how it is
transported, and what it interacts with. All planets are also comprised of chemical constituents, i.e.,
elements and molecules. On most planets, these elements and molecules are relatively inert. The
situation on Earth is different because of the existence of life. Biological processes transport and
transform the chemical constituents of the Earth.
Where it has been possible to extract sufficient free energy from the transport or transformation of
these, an organism or organism group has evolved to carry out the reaction. At any given point in
the Earth’s history, the state of the Earth System, i.e. the overall conditions on Earth, is a product of
the interaction between the physical climate system and biological processes. This led Steffen et al.
(2015) to argue that the physical climate system and “biosphere integrity” (as a proxy for the
function of the biosphere) are the two “core” planetary boundaries. Concern about the other human
impacts identified in the planetary boundaries framework (introduction of novel entities (pollution),
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removal of freshwater, ocean acidification, impact on the ozone layer, release of particles to the
atmosphere, release of reactive nitrogen and phosphorus to the environment and felling of global
forests) is because they impact the physical climate system and/or biosphere integrity. Given that it
is the interaction of the physical climate system and the biosphere that determine the state of the
Earth System, quantifying biological responses to climate change is critical to predicting future
states of the Earth System.
The ocean is an important carbon sink in the global carbon cycle. The processes leading to its
function as a sink are both physical and biological. Among the biological processes, however,
phytoplankton photosynthesis is probably the most important. On land, photosynthesis leads to the
sequestration of carbon in biological (primarily plant, Bar-on et al., 2018) material. In the ocean,
however, very little carbon (on the order 100 times less than on land) is stored in the biota. In order
for phytoplankton photosynthesis to lead to the sequestration of carbon, it is essential that either the
phytoplankton, themselves, or the organisms that have consumed the carbon they have incorporated
are transferred from the surface layers of the ocean to below the permanent thermocline.
In 1985, Volk and Hoffert recognized that there are three types of “carbon pumps” whereby CO2 in
the surface ocean can be transferred to deep waters. The reduction in pCO2 in surface waters can
then stimulate flux of atmospheric CO2 into the surface ocean. The three pumps they identified were
a carbonate, a soft-tissue and a solubility carbon pump. The latter refers to chemical and physical
processes whereby CO2 dissolved in seawater is transported via advection to deep ocean waters.
The two other pumps relate to biological processes, i.e., the formation and subsequent sinking of
CaCO3 from surface to deep ocean waters and the sinking of particulate organic carbon (POC).
Collectively, these two pumps are often referred to as the “biological pump”. When carbon is
transferred to the deep ocean waters, it is no longer in contact, and cannot directly interact, with the
atmosphere and we say it is “sequestered”. Obviously, carbon that becomes incorporated in deep
ocean sediments can remain unable to interact with the atmosphere for very long geological time
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periods. However, even that which remains dissolved in the waters of the deep ocean can remain
out of contact with and, thereby, unable to interact with the atmosphere for periods of up to about
1000 years. Thus, transfer of carbon from surface to deep ocean waters is an important component
of the climate system, i.e. acts to cool the Earth by removing the greenhouse gas, CO2, from the
atmosphere.
It is estimated that on the order of 10 Pg organic C per year are currently transported from surface
to ocean bottom waters in this manner (e.g. Dunne et al., 2007). However, there is evidence to
suggest that the efficiency of the biological pump has varied over geological time. In 1990, Martin
suggested changes in phytoplankton activity caused by varying degrees of iron fertilization
(delivery of iron containing dust from land to the surface ocean) over geological time as a possible
explanation for the changes in atmospheric CO2 concentrations associated with shifts between
Glacial and Interglacial periods in Earth history. While it remains unclear what proportion of the
change in atmospheric CO2 concentration during these Glacial-Interglacial shifts can be attributed
to changes in phytoplankton activity, this is one of the few processes in the Earth System with a
time scale that could account for such relatively rapid change in atmospheric CO2 concentrations
(with another being changes in ocean circulation). Thus, that changes in phytoplankton
photosynthesis should have played a significant role in changing atmospheric CO2 concentrations
over geological time remains a favored hypothesis (e.g., Sigman and Boyd, 2000).
Steffen et al. (2018) considered how Earth System processes may be influenced if we assume the
political ambitions regarding greenhouse gas emissions are met and the average global temperature
is 2 oC higher than the pre-industrial temperatures (Table 1.1).
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Table 1.1: Estimates of the strength of various feedbacks in the Earth System in a 2 oC
warmer world. From Steffen et al., 2018.
Feedback

Average strength of
feedback, ºC by 2100
(range)

Permafrost thawing

0.09 (0.04-0.16)

Release of CH4 from methane hydrates

Negligible

Weakening of land & ocean physiological sinks

0.25 (0.13-0.37)

Increased ocean bacterial respiration

0.02

Amazon forest dieback

0.05 (0.03-0.11)

Boreal forest dieback

0.06 (0.02-0.10)

Here, it can be seen that “weakening of land and ocean physiological sinks” is quantitatively the
most important of the responses considered. The estimates used in Steffen et al. (2018) for the
weakening of these sinks are based on the models used by the IPCC. However, as noted earlier, the
Earth System models used by the IPCC do not necessarily provide robust depictions of organic
carbon flow in the ocean. None of the other feedbacks identified in Table 1.1 are currently
incorporated in the Earth System models used by the IPCC.
The Steffen et al. (2018) paper emphasizes the importance of developing accurate determinations
of the carbon fixed and sequestered in the ocean in order to project future Earth System conditions.
At present, estimates of the carbon fixed (photosynthesis) are generated from determination of
optical characteristics of the surface ocean. As indicated above, however, the algorithms by which
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these surface optical characteristics are converted to primary production estimates are largely based
on the understanding of phytoplankton ecology of the late 1970s.
Much has changed with regard to our understanding of phytoplankton ecology and function over the
last three and a half decades. Therefore, this study takes as its starting point the hypothesis that
much of this new knowledge – especially that controlling the uptake of carbon by photosynthesis can be synthesized into a form that, when combined with remote sensing technologies, will be able
to improve our ability to describe phytoplankton-mediated uptake and flow of carbon in the global
ocean. Before embarking on that synthesis, however, it is relevant to consider the technological
developments and milestones in ecological understanding of plankton ecosystems that have taken
place in recent decades.
New methodologies have also in this most recent period of phytoplankton study continued to come
online. Flow-cytometry, which transitioned from medical to marine science in 1978 (Paau and
Cowles, 1978) allows examination of the fluorescence emitted from single cells up to ~150
microns. As different phytoplankton groups contain different combinations of pigments in their
light harvesting systems, the fluorescence signals from different groups will also differ. Thus, flow
cytometry introduced not only the possibility to enumerate but also the capacity to develop, at least
a rudimentary, understanding of the taxonomic distributions of the smallest of phytoplankton (0.2 –
2 µm), i.e. picoplankton. Under controlled conditions, it is possible to use fluorescent dyes that
attach to various cell components, i.e. DNA3, and thus make it possible to examine physiological
processes at the level of the individual cell. The introduction of flow cytometry to the study of
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Although the work was never published, I used such dyes during my honors Bachelor project at Harvard

University in 1976 where I showed that Gonyaulax tamarensis (now Alexandrium tamarense) likely had a sexually
reproductive phase in that bulk fluorescence/number of cells exhibited 3 peaks, which were interpreted to
correspond to 1n, 2n and 4n chromosome states.
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phytoplankton therefore opened new windows through which the very smallest of plants on Earth
could be examined. Thus, it was to a large degree through the in situ application of flow cytometry
that Prochlorococcus, the smallest phytoplankton known, was described (Chisholm et al.) in 1988.
More recently, automated flow cytometry systems have been developed that can be used to
characterize natural phytoplankton communities over time and space (e.g., Thyssen et al., 2008;
Swallwell et al., 2011).
Advances in optical imaging in recent years have now also given the possibility to create digital
images of individual cells as they pass through a narrow chamber (e.g., Sieracki et al.,1998). While
it is not possible using such methods to “observe” picoplankton, they do allow visualization of the
microplankton present in natural samples and can be carried out at sea, thus opening the possibility
for (nearly) direct observation and taxonomic identification of many forms of phytoplankton.
Another methodological innovation using fluorescence and important for understanding
phytoplankton activity that occurred in recent decades was the development of Fast Repetition Rate
Fluorescence, FRRF (Kolber et al., 1998). This approach enables quantification of various aspects
of photosynthesis (kinetics of electron transport, energy transfer between photosynthetic units,
absorption cross section of Photo System II (PSII), as well as photochemical and nonphotochemical quenching of chlorophyll fluorescence) by subjecting water samples to varying light
exposures and analyzing the resulting fluorescence kinetics. Thus, FRRF provides a mechanism for
interrogation of the bulk phytoplankton community with respect to its physiological status.
The rapid advancement of molecular techniques to investigate microbial genetics and variation in
recent decades promises to revolutionize the study of phytoplankton diversity and community
structure. Molecular studies had been used in the study of phytoplankton phylogenies for some time
(see references in de Bruin et al., 2003) before van Hannen et al. (1998) engaged electrophoresis
methods to help in describing diversity in natural populations. Today, molecular techniques are
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used to characterize phytoplankton communities on an almost routine basis by applying next
generation sequencing methods (e.g. Logares et al., 2014, Johnson and Martiny 2015, Guidi et al.,
2016). Among other things, such methods provide hitherto unavailable opportunities for
taxonomically describing the phytoplankton in all size ranges (picoplankton have, until recently,
been nearly impossible to identify), identifying relationships between species and between strains of
phytoplankton (i.e. phylogenetics), examining the relationship between environmental factors and
community composition over very small spatial scales, and mapping of the distributions of
individual species. Thus, where available methodology has limited the study of natural
phytoplankton communities over most of its history to the measurement of bulk properties of the
community, the application of molecular methods (metagenomics) has opened for the study of
individual species under natural conditions. This is likely to be an important aid in the continued
search for a better understanding of phytoplankton in the Earth System for, as we shall see in
subsequent chapters, it now appears that some species are disproportionally important in terms of
their contributions to element cycling in the ocean, i.e. transfer the vertical transfer of carbon.
It is, however, especially in relation to the understanding of the structure of marine ecosystems and
energy flow associated with these ecosystems that the greatest advances have been made in
phytoplankton research since the late 1970s, when the stage was being set for determining
phytoplankton activity from space. Two areas of changed understanding are especially relevant
here:
Just after WWII, i.e., when the tight coupling between the fisheries and phytoplankton research
communities was weakening and phytoplankton research beginning to focus more on these
organisms as agents in ocean ecology in a more general sense, what we now routinely call “food
webs” were considered to be “food chains”. In other words, energy flow in marine ecosystems was
envisioned as being very linear. This vision might possibly have had its origins in experience from
agriculture where the addition of nutrients leads directly to an increased yield of the cultivated
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plant. If so, then, the seeds of understanding that Brandt and the Kiel School had sown in the study
of plankton many years earlier might still have been dominating the thinking regarding the structure
of plankton ecosystems at this time.
This thinking was rattled to its core in 1982, when Azam et al. described the “microbial loop” in
plankton ecosystems. It had been known for years (Fogg4 et al., 1963) that phytoplankton exude
dissolved organic compounds (DOC), although there was scientific debate as to whether this
occurred under natural conditions or only when cells were stressed (e.g. Sharp, 1977; Bjørnsen,
1988). Azam et al. described a role for this DOC in plankton food webs where, in the “loop” they
described, the DOC produced by phytoplankton is exploited by bacteria, which are then consumed
by protozoans. These are then consumed by small zooplankton, and these, in turn, are eaten by
larger zooplankton. In this manner, the carbon initially fixed through photosynthesis can either be
channeled directly to the larger zooplankton via their direct consumption of the phytoplankton or
via the more circuitous route invoking DOC, bacteria and so on. We know (Lindeman, 1942) that
the transfer of energy in the “loop” to the highest trophic levels of the food web will be less
efficient than when phytoplankton are consumed directly by representatives of higher trophic levels.
Nevertheless, this loop can be very important in supporting plankton ecosystems under certain
conditions and the relative percentage of primary production channeled through the loop differs in
different systems.
Already here, we see a problem in estimating ocean primary production from the estimated
chlorophyll content at the surface ocean. Chlorophyll is a pigment and, in itself, not a proxy for
biomass or photosynthesis/primary production (see Chapter 2). Aside from these caveats, however,
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chlorophyll is found only in particulate organic carbon (POC) created as a result of photosynthesis.
Thus, estimating photosynthesis based on chlorophyll concentrations ignores the DOC produced
and released by cells as a product of photosynthesis. There is at present no method available to
remotely determine the DOC produced by the photosynthesis in a defined time frame, as the DOC
being produced at any given point in time mixes with an already present pool. This means that we –
at a minimum – need to recognize that the primary production we estimate on the basis of
phytoplankton standing stock (POC production) represents an underestimate of the actual primary
production occurring. Maranon et al. (2004) suggest that this underestimate could be ~20%, at least
in some regions. The DOC produced may thus be important both in terms of quantifying the
ocean’s role in the global carbon cycle and in terms of understanding ocean productivity in some
regions. In light of the lack of methodology to quantify phytoplankton DOC on a global scale, this
thesis focuses only on the photosynthetic production of particulate material.
Nevertheless, it can be noted that the ocean is a huge reservoir of carbon in the Earth System (and
contains approximately 50 x more carbon than the atmosphere) and that most oceanic organic
carbon is in the form of DOC. It is estimated that between 6-700 Pg of ocean carbon is in the form
of DOC. This represents about 200 x the organic carbon associated with biomass in the ocean and is
about the same amount of carbon as is contained in the entire atmosphere (Hansell et al., 2009).
DOC, in contrast to inorganic carbon (CO2), does not usually readily exchange with carbon in the
atmosphere. Some of this DOC is very long-lived. Thus, as pointed out by Jiao et al. (2010)
understanding the factors concerning formation and breakdown of DOC become critical in an Earth
System context.
With regard to the role of DOC in food webs, it is becoming increasingly clear (Flynn et al., 2012)
that many phytoplankton are not only able to directly utilize the sun to obtain their energy
(autotrophy) but also able to use various forms of DOC (heterotrophy). Thus, the POC created in a
food web need not be a direct consequence of the photosynthesis taking place in that specific region
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or within the time frame being examined. All DOC is, of course, ultimately generated from carbon
fixed by photosynthesis. However, DOC is contained in and transported with water masses. Thus,
the DOC to which marine food webs are exposed need not necessarily be locally produced. One can
speculate over whether we – in the same way as Brandt – have been so convinced that our
understanding of ecosystems and their function on land will also apply to the ocean that we have
failed to recognize the obvious differences in the structure and functioning of marine and terrestrial
ecosystems. Perhaps the almost total dependency of land plants on autotrophy as a nutritional
source is, in reality, an adaptation to life on land, i.e. a consequence of being immersed in air rather
than water. A water-living plant is constantly exposed to alternative DOC energy sources in the
fluid in which it is suspended. On the other hand, because of the vagrancies of water movement,
aquatic plants cannot be certain of a regular light source. It would, therefore, seem to make perfect
evolutionary sense that many phytoplankton should develop mixotrophic capacity, i.e. the ability to
utilize both the sun (autotrophy) and DOC (heterotrophy) to support its nutritional needs.
To carry out photosynthesis (autotrophy), organisms need not only access to light but also inorganic
nutrients. Here again, the modes whereby plants get access vary between land and sea. On land,
nutrients are generally found in the soil surrounding the root system of the plant. Phytoplankton, on
the other hand, because their light requirement confines them to the well-lit surface layer of the
ocean may be separated from access to nutrients by 10s of meters or more. Phytoplankton rely,
therefore, on a number of strategies for accessing nutrients. These range from total reliance on
physical mixing processes over active migration to access nutrients and the evolution of
mechanisms to utilize alternative nutrient sources, e.g., DON or mixotrophy.
Another major change in our understanding of phytoplankton ecology that has occurred over the
last few decades is the recognition that measurements made at the surface of the ocean are a poor
indicator of water column primary production, the species present in the water column, and the food
webs found in the water column as a whole. Technological limitations (and perhaps again thinking
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colored by our living on land?) for much of the period in which we have been studying
phytoplankton in the field have largely restricted studies to surface waters. We now know, however,
that only about 25% of ocean production takes place in the upper 10 m (Richardson and Bendtsen,
2019; see Chapter 4) and that phytoplankton species distributions can vary considerably over depth
(e.g. Mouritsen and Richardson, 2003, see Figure 4.4).
1.4. Chapter 1: Summary
In this chapter, the history in the development of an understanding of phytoplankton as important
actors in the Earth System is reviewed. It is argued that the recent recognition of phytoplankton
photosynthesis as an important driver in the global carbon cycle makes it imperative that better
methods for estimating the magnitude of phytoplankton photosynthesis (and subsequent ocean
carbon sequestration) be developed. Two of the author’s recent publications underscoring the
importance of biological processes and phytoplankton photosynthesis for establishing the state of
the Earth System and, thereby, the climate conditions on Earth, are included for evaluation:
Steffen, W., Richardson, K. Rockström, J. et al. (2015). Planetary boundaries: Guiding
human development on a changing planet. Science, 347, 6219 doi:
10.1126/science.1259855.
Steffen, W., Rockstrom, J., Richardson, K. et al. (2018). Trajectories of the Earth System in
the Anthropocene. Proceedings of the National Academy of Sciences of the United States of
America, 115, 8252-8259 doi: 10.1073/pnas.1810141115.
Thus, Chapter 1 sets the scene for the following chapters in which the author presents the
macroecological patterns in the distribution of phytoplankton and their activity that her research has
revealed to propose a new approach for estimating global ocean primary production. These patterns
are further used to identify areas where further understanding is needed in order to continue to
improve our ability to estimate global ocean photosynthesis.
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The major part of the data examined to identify the macroecological patterns was assembled from
sampling made on the Galathea 3 Expedition (www.galathea3.dk) which was carried out in 20062007. Following that cruise, that dataset was augmented with data from two cruises (August 2008;
August 2012) in the Artic and subarctic North Atlantic aboard RV Dana using the same methods. In
the following text, the entire dataset, i.e. including the two extra cruises, is referred to as the
“Galathea 3” dataset. Positions of sampling represented in the entire dataset are shown in Figure
1.6. Details of sampling are given in the text when the parameters analyzed are introduced.
Figure 1.6. Positions for data found in the Galathea 3 dataset. Background field of chlorophyll
(µg l-1) was based on annual averaged MODIS satellite fields in 2003.

In the next chapter, several of the author’s recent papers identifying global patterns in
phytoplankton distribution presented for evaluation are presented against the backdrop of a review
of the current understanding of phytoplankton distribution and activity in the surface ocean.
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Chapter 2: Global patterns in the distribution of phytoplankton and photosynthesis
in the surface ocean
Global ocean photosynthesis is usually estimated from remotely sensed bio-optical
characteristics of surface waters. This chapter reviews knowledge regarding the global
distributions of phytoplankton and photosynthesis in the surface ocean. The strengths
and weaknesses of the bio-optical proxies used to represent phytoplankton are
discussed. Six of the author’s recent papers are presented for evaluation. One of these
relates to the discussion on proxies and describes seasonal variation in the relationship
between chlorophyll a and photosynthesis in a temperate water body. Three document
macroecological patterns relating phytoplankton community size structure to
temperature and photosynthetic performance that were unrecognized by the scientific
community prior to their publication. The remaining two, respectively, provide evidence
that life histories involving resting spore formation may make some phytoplankton
species disproportionally important for biological carbon sequestration in the ocean
and apply Species Distribution Modelling to identify potential distribution changes of
one such species in response to climate change.
Phytoplankton are too small for observation with the naked eye. Therefore, bulk properties (often
based on bio-optical characteristics of the plankton-containing water) are often used to assess
phytoplankton distributions. The water most amenable to sampling, either remotely from airborne
or satellite sensors or from floating platforms, is obviously that at the surface of the ocean. This
accessibility, combined with the common assumption that the light requirement of photosynthetic
organisms will make the surface of the ocean the preferred habitat for phytoplankton, has led to a
situation where our greatest knowledge of phytoplankton in nature is of those found in the nearsurface waters.
2.1. Proxies for determining biomass and activity
That phytoplankton biomass cannot be directly measured in natural samples was, of course, the
great dilemma faced by Victor Hensen as he pondered the role of plankton in ocean ecology
(Chapter1). This means that, in the search for macroecological patterns describing the relationship
between phytoplankton distributions and environmental parameters, it is necessary to employ
proxies for biomass. Because it is found in all photosynthesizing organisms, the proxy of choice is
most often the concentration of chlorophyll a. For many reasons, chlorophyll a is an imperfect
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proxy for phytoplankton biomass. Nevertheless, it is well suited for discerning macroecological
patterns in phytoplankton distribution as there is a generally linear relationship between chlorophyll
concentration and phytoplankton biomass in natural communities (although the slope of the
relationship will vary slightly under different conditions and as a function of community
composition). In addition, its routine measurement provides sufficient data material upon which to
carry out the statistical analyses necessary to explore global distribution patterns.
The amount of chlorophyll a present in a given water sample can be directly determined on discrete
samples (following filtrations and extraction with an organic solvent) using, for example, HPLC
methods (Mantoura and Llewellyn, 1983) or with the help of various models that rely on
relationships between the absorption peaks (determined either by spectrophotometry or
fluorescence) between the different chlorophyll types (e.g., Holm-Hansen et al, 1965; Lorenzen,
1966; Riemann and Ernst, 1982). As noted in Chapter 1, chlorophyll a concentration can also be
estimated in situ from optical characteristics of the water. In situ determinations of chlorophyll
content are less precise than those made on discrete samples as taxonomy, morphology and
physiology of the phytoplankton present in the community all influence the relationship between
bio-optical parameters and chlorophyll content (Stæhr et al., 2002; Vaillancourt et al., 2004).
Even setting aside, however, problems related to the accuracy in the determination of chlorophyll a
content, it is important to note that chlorophyll does not relate in a constant manner to
phytoplankton biomass determined on the basis of carbon content (e.g., Strickland, 1960; Cullen,
1982; Kruskopf and Flynn, 2006). Chlorophyll a comprises only a very small proportion of
phytoplankton cells (0.1 – 5% of organic content according to Geider, 1993). Behrenfeld et al.
(2005) reported, on the basis of a meta-analysis of laboratory data reported between 1946 and 1987,
that chlorophyll to carbon (Chl:C) ratios can range between 0.001 to > 0.06 mg mg-1. Much of this
variability can be attributed to phenotypic adaptation to the different light climates under which the
phytoplankton were grown, as it is well known (e.g., Richardson et al., 1983) that phytoplankton
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can adapt to changes in light availability by altering cellular chlorophyll content and evidence for a
seasonal signal in the Chl:C ratio potentially driven by light availability has also been presented
(Behrenfeld et al., 2005; Lyngsgaard et al., 2014). However, changes in Chl/C have also been
reported in response to changes in temperature and nutrient availability (Geider, 1987; Geider et al.,
1993; Behrenfeld et al., 2005).
Photosynthesis cannot be directly measured either. Also here, therefore, proxies from which
photosynthesis can be estimated are employed, with those most commonly used relating in some
way to photosynthesis (total photosynthesis (often normalized to chlorophyll or carbon), rates of
photosynthesis, or some part of the photosynthetic process, i.e. efficiency of photosystem II (PSII)).
Photosynthesis is a function of light. Therefore, the estimation of photosynthesis often takes as its
starting point a Phototosynthesis (usually determined by the incorporation of 14CO2) vs. Light (P vs.
E) relationship (Figure 2.1).
The curves emerging from the plotting of these two entities against each other are often compared
with respect to the maximum rate of photosynthesis (Pmax) and the slope of the P vs. E relationship
(α). These parameters can either be considered in relation to the population as a whole or, in order
to allow comparison between samples, normalized to biomass, i.e., PBmax and αB. When
normalization is to biomass, this is usually either expressed as chlorophyll or carbon content. As
direct carbon determination of phytoplankton biomass in natural samples is extremely difficult or
impossible, most field estimates of PBmax employ chlorophyll a as the proxy for biomass.
Obviously, given the variability in the chlorophyll/carbon ratio described above, this means that
estimates of photosynthesis cannot be directly converted to photosynthesis per unit actual biomass.
In practice, however, this is not a problem in estimating primary production in the global ocean as
these estimates usually are given as rates of C uptake in a given volume of water or in the water
column over a specific unit (usually m-2) of area. In this study, PBmax (using chlorophyll a as the
proxy for biomass) is the proxy most often employed to represent phytoplankton activity.
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Figure 2.1. An example of a Light vs. Photosynthesis (P vs. E) curve generated from field studies.
Incorporation of carbon (photosynthesis) is shown versus PAR (photosynthetically active radiation)
for the surface (5 m, bullets) and the SCM (diamonds) and non-linear best fit solutions (lines) from a
station located in the eastern North Sea during July, 2016. Circles represent surface sample
incubations and diamonds incubations of DCM samples. The maximum rate of photosynthesis Pmax
and the slope of the P vs. E curve (α) are shown. In this case, α is largest for the DCM (low light
adapted) sample. This is expected for low light adapted cells (Richardson et al., 1983). Interestingly,
Pmax in this case is also greatest for the low light adapted phytoplankton community at the DCM.
These low light adapted cells are, however, more susceptible to photoinhibition (expressed as a
reduction in Pmax at higher light intensities) than the phytoplankton community located in surface
waters.

Numerous environmental variables have been shown to influence Pmax, (and PBmax). These include
time of sampling (Harding et al., 1981; Prézelin et al., 1986;), temperature (Behrenfeld &
Falkowski 1997), light climate (Kocum et al., 2002), nutrient availability (Palmer et al., 2013) and
community species composition (Harding et al., 1981; Claustre et al., 2005). However, separating
the influences of these different variables on Pmax is complicated by the fact that changes in some of
these variables (i.e. nutrients and temperature) are often correlated.
Lyngsgaard et al. (2014) demonstrated a seasonal response in PBmax in the Baltic Sea transition
zone (BSTZ) whereby the highest values were recorded during August and the lowest during
January (Figure 2.2). While the differences in αB between the surface and the DCM were not as
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great as in the case of PBmax, a seasonal signal where the highest values were found in late summer
was also found for this parameter.
Figure 2.2. Seasonal variation in (A) PBmax and (B) αB (mean and standard deviation) at 6
stations in the Baltic Sea transition zone (Kattegat) during the period 1998-2012.Open
symbols represent mean values from the surface layer and closed from the layer below the
surface. From Lyngsgaard et al., 2014. Reprinted with permission from John Wiley & Sons.

Behrenfeld et al. (2002) reported a latitudinal pattern in PBmax along a north-south transect in the
Atlantic where the highest values were found between about 10 – 30o N. The more globally
distributed sampling carried out on the Galathea 3 expedition in 2006-7 (sampling positions shown
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in Figure 1.6) also suggested a similar latitudinal pattern in the peak for PBmax although this strong
latitudinal signal is not noted in the chlorophyll normalized slope of the Photosynthesis vs. Light (P
vs. E) curve, αB (Figure 2.3).

Figure 2.3. (A) PBmax and (B) αB from the Galathea dataset as a function of the sampling
latitude. Open symbols represent surface samples; closed symbols samples taken from the
DCM.
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Figure 2.4. (A) PBmax and (B) αB from the Galathea dataset as a function of season (days
to/from solstice). Open symbols represent surface samples; closed symbols samples taken
from the DCM

2.2. Relationship between photosynthetic parameters and environmental conditions
The Galathea 3 data are unique in that they were collected in nearly all major ocean basins using
the same methods and by the same researchers. This allows us to examine whether the relationships
between photosynthetic parameters, PBmax and αB, and various environmental parameters identified
as being potentially important for these parameters at the local/regional level, also are valid at the
global level.
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These data were collected in the period of approximately 100 days before to 100 days after the
summer solstice. However, no significant seasonal patterns in the values of the photosynthetic
parameters were recorded (Figure 2.3). These data were also collected at different times of the day
(Figure 2.5). Both PBmax and αB are highest during the morning hours in surface samples. However,
this signal, if present at all, is much less pronounced for samples taken deeper in the water column,
i.e., at the depth of the deep chlorophyll maximum (DCM). Sampling times were randomly
distributed over the cruises so that patterns emerging in relation to environmental variables are not
driven by the diurnal signal in the photosynthetic parameters.
Figure 2.5. (A) PBmax and (B) αB from the Galathea dataset as a function of time of day of
sampling. Open circles represent surface samples; closed circles samples taken from the
DCM.
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In the Galathea 3 dataset, PBmax can be seen to vary with the inorganic variables temperature, depth
of sampling (possibly a proxy for light availability) and nutrient availability. Nitrate and phosphate
concentrations correlate strongly in this dataset. Therefore, only the relationship between PBmax and
nitrate is shown here (Figure 2.6). Nitrate concentrations also correlate with light availability and
temperature (Hilligsøe et al., 2011; Mousing et al., 2014). Thus, the correlations shown here are
not meant to imply causation but merely to emphasize that we have very little understanding of the
factors controlling photosynthetic parameters in the global ocean. This is an important point as
estimates of ocean primary production from remotely sensed surface bio-optical properties are
extremely sensitive to the photosynthetic parameters applied. Thus, there is clearly a need for a
better understanding of how (and why) PBmax varies in the global ocean in the quest for improving
global estimates of primary production.
The most commonly employed algorithms (e.g. VGPM, Behrenfeld and Falkowski, 1997) for
estimating global primary production from remotely sensed surface optical characteristics assume
PBmax to scale only with temperature (Figure 2.6 A). The patterns in photosynthetic parameters
presented here suggest that more accurate estimates of primary production from surface parameters
might be possible if the photosynthesis rate parameterization were to be not only reliant on SST.
This possibility is examined in greater detail in Chapter 5.
Figure 2.6. PBmax in the Galathea dataset illustrated as a function of (A) in situ temperature,
(B) sampling depth, and (C) nitrate concentrations. Although only nitrate is shown here,
phosphate also correlated with both nitrate and PBmax. Open circles depict samples from
surface waters and closed from the DCM. The line shown in A depicts the temperature
parameterization used for PBmax at light saturation in Behrenfeld and Falkowski, 1997. From
Richardson et al. (2016).
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The variability of αB in relation to temperature, depth of sample collection (light availability) and ambient
nutrient concentration is less marked than that of PBmax (Figure 2.7). αB exhibits a different temperature
response than PBmax as the highest values occur over a broad range range (~ 5-20 oC) across the middle of the
temperature ranges sampled and lower values occur in the warmest and coldest sampled waters.
Figure 2.7. αB in the Galathea dataset illustrated as a function of (A) in situ temperature, (B) sampling
depth, and (C) nitrate concentrations. Although only nitrate is shown here, phosphate also correlated
with both nitrate and αB. Open circles depict samples from surface waters and closed from the DCM.
From Richardson et al. (2016).

As in the case of PBmax, a general pattern of decreasing αB in relation to depth and ambient nutrient
concentration is recorded. While variability in αB is large, high values are recorded down to sampling depths
of ~ 100 m. It is interesting that the high values are not recorded from samples taken in deeper waters as it
has been shown that the depth of the DCM where sub-surface sampling in this data set took place tends to
coincide with the depth of the nutricline down to depths of ~90 m (See Chapter 4, Figure 4.9).

2.3. Photosynthetic parameters and phytoplankton community composition
Much focus here and elsewhere has been on understanding the distribution of photosynthetic
parameters in relation to abiotic environmental parameters. However, several studies have
suggested that photosynthetic parameters may vary as a function of community species or size
composition (Bouman et al., 2005; Strom et al., 2010; Morán & Scharek, 2015). In addition to
investigating potential macroecological patterns in phytoplankton biomass (using the proxy
chlorophyll a) and activity (usually employing PBmax where chlorophyll is used as a proxy for
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biomass, B), this study attempts to identify potential patterns in relation to community composition.
The proxies used for community composition are size fractionated chlorophyll, i.e., a proxy for size
distribution in the community and microscopic enumeration of nano- and microplankton. While the
latter approach might, initially, appear to be a direct determination of community composition, it
too must be considered as a proxy for community composition as 1) small sub-samples are tested,
thus reducing the probability of rare species being encountered and 2) picoplankton cannot be
quantitatively identified in the light microscope.
Size-fractionated chlorophyll a determinations (see Hilligsøe et al., 2011; Mousing et al., 2014)
were made at 54 stations where photosynthesis was determined in the Galathea 3 data set. This
allowed us to identify patterns in the distribution of photosynthetic parameters in relation to the size
composition of the phytoplankton community and a very strong relationship is noted for both PBmax
and αB where the highest values of both parameters are associated with communities dominated by
small phytoplankton cells (Figure 2.8).
The photosynthetic parameters measured in the Galathea 3 dataset were determined on the total
population and not the different size fractions. However, it is possible to determine “best fit” values
for these parameters for the small (i.e. passing through a 10 µm filter) and large (i.e. retained on a
10 μm filter) fractions of the community, respectively5(Table 2.1).

5

The two fractions (f(small) and f(large))were related as:

f(small) + f(large) = 1
Each size class was assumed to be characterized by a photosynthetic parameter given by φ (small) and φ(large) where φ
represented values of αB or PBmax. The bulk photosynthetic parameter of the sample was then determined from:
φ = φ(small) * f(small) + φ(large) * f(large)
Best-fit values of the two free parameters φ(small) and φ(large) were then found by minimizing the residual defined by:
R = Σ(φ - φ(obs))2
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Figure 2.8. PBmax and αB from the Galathea dataset as a function of size distribution of the
phytoplankton community. The Y-axis depicts the fraction of total chlorophyll a in the sample
that was retained on a 10 µm filter. Thus, low values represent communities dominated by
cells passing through a 10 µm filter, i.e. small cells. From Richardson et al. (2016).

In addition to noting that the best-fit values for both PBmax and αB are highest for small cells, this
analysis indicates that αB increases with depth for both size groups. This would be expected as a
response to decreased light intensity (Richardson et al., 1983). Interestingly, the best-fit values
suggest that the difference between the photosynthetic performance of the large and small fractions
of the community may be most pronounced in surface waters and that PBmax may actually be lower
for the larger cells in the upper 10 m than deeper in the water column. Such a result might indicate
either widespread photoinhibition of larger cells in the immediate surface waters and/or nutrient
limitation of photosynthesis of larger cells in this surface layer.

where φ(obs) represented the photosynthetic parameters obtained from the incubations described above and the
summation included all observations. Finally, a normalized residual (Rnorm) was calculated by scaling R with the
residual from the best fit solution (R min):
Rnorm = R/Rmin
Best-fit values for αB and PBmax were searched for in the intervals [0:0.15] and [0:5], respectively.
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Phytoplankton community species composition was also determined at the stations used for the
above analysis. This allows identification of patterns in dominance (by biovolume) of different
groups and the photosynthetic parameters (Figure 2.9).
Table 2.1. Modeled best-fit values for photosynthetic parameters for the large (retained on a
10 µm filter) and small (passing through a 10 µm filter) phytoplankton cells. Units of PBmax
and αB are µg C (µg Chl)-1 h-1 and μg C (μg Chl h μE m–2 s–1)−1. From Richardson et al. (2016).
Small

Large

PBmax

αB

PBmax

αB

All data

2.50

0.040

1.53

0.025

Depth < 11 m

3.37

0.033

0.85

0.019

Depth > 11m

1.68

0.049

2.16

0.033

Figure 2.9. Non-parametric multidimensional scaling (NMDS) ordination plot showing the
relative distributions of the chlorophyll of dominant phytoplankton groups in relation to the
distribution of PBmax (purple contour lines) as well as temperature, depth and macronutrients
(blue arrows). Phytoplankton group abbreviations: Cil = Mixotrophic ciliates, in this case,
primarily Mesodinium rubrum; Dia<50 = Diatoms < 50 µm; Dia>50 = Diatoms > 50 µm;
Dino<50 = Dinoflagellates < 50 µm; Dino>50 = Dinoflagellates > 50 µm; Flag<10 = Green
nanoflagellates < 10 µm; Peuk = Pico-eukariots; Pro = Prochlorococcus; Syn = Synecococcus.
Units of PBmax are µg C (µg Chl)-1 h-1. From Richardson et al. (2016).
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The analysis suggests that the highest values of PBmax are associated with communities dominated
by small flagellates, pico-eukaryotes, Synecococcus (in warmer waters) or dinoflagellates. Note,
however, that dinoflagellates often are found together with small flagellates. Dominance here is
defined by biovolume. Thus, it is possible that the association of dinoflagellates and high PBmax may
be an artefact stemming from much greater biovolume being associated with dinoflagellates than
flagellates. In other words, small flagellates may be responsible for the high PBmax recorded in
communities where dinoflagellates dominate in terms of biovolume. Diatom dominated
communities exhibit intermediate PBmax and are associated with relatively cold waters and high
ambient nutrient concentrations. Prochlorococcus dominated communities also exhibit intermediate
PBmax and are associated with depth in warm waters.
It is important to note here that this analysis is based on only 54 samples and a much larger dataset
should be examined to determine whether the patterns noted are robust and to develop a more
detailed understanding of how taxonomy and photosynthetic performance may be related in the
global ocean. Nevertheless, the analysis does suggest that there may be taxonomic patterns in
photosynthetic performance that might potentially be exploited to improve our understanding of the
distribution of photosynthesis in the global ocean.
2.4. Global distribution of phytoplankton biomass and production
Despite the caveats identified above concerning the ability to map phytoplankton biomass using
chlorophyll as a proxy, chlorophyll remains the best and most commonly applied proxy for
describing global phytoplankton distributions in surface waters. Our understanding of the global
distribution of chlorophyll comes primarily from satellite-borne sensors as these allow nearly
simultaneous sampling over large geographic distances. The first satellite-based estimates of surface
chlorophyll came from the Coastal Zone Color Scanner (CZCS) ocean color sensor that operated
from 1979 to 1986 (Chapter 1). After a short hiatus in ocean surface bio-optical monitoring, it has
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been possible since 1997 to continuously monitor surface bio-optical characteristics with the help of
OCTS, SeaWIFS and MODIS sensors. Numerous bio-optical algorithms have been developed to
estimate chlorophyll a in surface waters and most of these take as their starting point the blue/green
ratio in the light signal leaving the ocean surface (see O’Reilly et al., 1998).
Maps of global chlorophyll distributions created from the optical characteristics of surface waters
determined from satellite-borne sensors abound on the internet and are to be found in every
textbook on biological oceanography. An example can be seen in Figure 1.6, where the positions of
the Galathea 3 dataset are plotted on a background of average annual chlorophyll distributions
obtained from MODIS for the year 2003. In that figure, it can be seen that the greatest
concentrations of chlorophyll are found in the polar and sub-polar/temperate regions of the
Northern Hemisphere, regions of nutrient upwelling (along western continental coasts), and around
the equator, in the Antarctic convergence zone and near the Antarctic ice cap.
The values presented in such global images produced with remotely sensed data usually represent
annual averages or data from a single time period. There are, however, also geographic patterns in
the degree of variability noted over the year in the bio-optical signals relating to surface chlorophyll
concentrations (Figure 2.10). Much of this variability is, of course, related to seasonal variability in
the temperate and polar regions (see Chapter 3).
Not surprisingly, given that surface chlorophyll a estimated from bio-optical characteristics forms
the basis for algorithms estimating global primary production (see Chapter 5), estimates of the
global distribution of primary production tend to mirror that of surface chlorophyll distributions.
As noted in Chapter 1, the annual primary production of the ocean is currently estimated to be
approximately 45-50 Pg C y-1 (Longhurst et al., 1995; Field, 1998).
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Figure 2.10. Annual surface chlorophyll variance by ocean bin. Increasing variance levels (LO
– L4) are shown by color. After Berenfeldt et al., 2005.

All phytoplankton contain chlorophyll a and the discussion thus far in this thesis on estimating
phytoplankton biomass using chlorophyll a as a proxy has given no consideration to the fact that the
“packaging” of the chlorophyll upon which the phytoplankton biomass and primary production are
being estimated can be quite different, as it is found in a wide variety of organisms (e.g., Ciotti et
al., 2002). It makes a tremendous difference both to food webs and for the ocean’s contribution to
global carbon cycling which phytoplankton organisms comprise the community at any given time.
The size of the phytoplankton in the community influences food web structure and the efficiency of
trophic transfer (Cushing, 1989; Kiørboe, 1993), while both size and ballasting characteristics
influence sinking rate and the efficiency of the biological pump (See Chapter 1). We would like,
therefore, to be able to describe the distributions of different phytoplankton groups and what
controls them.
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2.5. Global patterns in the traits of phytoplankton
When moving from bulk characteristics of global phytoplankton communities (i.e. chlorophyll) to
considering the global distributions of different components of these communities, we can consider
either taxonomic or functional groups, i.e. those based on specific traits such as size, ability to fix
nitrogen, whether they are calcifiers or silicifiers, etc. The different taxonomic or functional groups
are neither equally abundant nor equally distributed over the world’s oceans (Figure 2.11).
Figure 2.11. Zonal average for the annual contribution of different sized (upper panel) and
ballasted (lower panel) phytoplankton to total chlorophyll. Size distributions were estimated
from a statistical analysis of an HPLC database describing pigment distributions and surface
chlorophyll estimated from satellite sensors. The distributions of silicifiers, calcifiers and
“mixed-phytoplankton” were estimated using a model. After Le Quéré et al., 2005
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All phytoplankton are small (ranging in length from ~0.2 µm to about 200 µm)6 compared to the
human observer and it is only the largest of them, primarily the diatoms and dinoflagellates, that are
readily identifiable using light microscopy. Therefore, it is these groups and individual members of
these groups that have been best studied. Generally speaking, however, the abundance of the
various phytoplankton groups decreases with increasing size. Thus, tiny cyanobacteria belonging to
the genus Prochlorococcus are believed to be the most abundant phytoplankton in the ocean
(Partensky et al., 1999). The fact that this ubiquitous group was only first discovered in 1986
(Chisholm et al., 1988) bears witness to the fact that even our most basic understanding of
phytoplankton and their ecology is still rapidly evolving. The discovery of Prochlorococcus was in
large part possible due to the application of microfluorometry (“flowcytometer”) to the study of
plankton (see Chapter 1). This opened, for the first time, a window through which to observe the
fluorescence characteristics of individual cells and, thereby, to identify differences between them.
The on-going revolution in molecular biology and genomics is opening that window still further
and it is now possible to collect data on the diversity and distribution of even the smallest of
phytoplankton (as well as other protists and bacteria).
These new methods are already yielding results that promise new understanding of phytoplankton
distributions and ecology. Among other things, high throughput sequencing techniques have led to
the realization that very many of the absolute smallest living organisms (including phytoplankton)
are only recorded in very low abundances. Collectively, these organisms are referred to as the “rare
biosphere” (Sogin et al., 2006). Evidence is only just beginning to accumulate that can help to
elucidate the potential ecological function(s) of this rare biosphere.

6

In general, the smallest phytoplankton (”pico-plankton”) are referred to as those measuring from ~0.2 – 2 µm.

“nanoplankton” are those measuring ~2-20 µm and “microplankton” ~20 – 200 µm.
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Sørensen (2014) examined the occurrence of pico-eukaryotic phytoplankton in sea ice samples
taken at four stations near the North Pole and found that some of the most abundant phylotypes in
the sea ice had, thus far, only been recorded as part of the rare biosphere in pelagic environments.
This observation is potentially important as it may suggest an ecological role for the rare pelagic
biosphere with respect to the “seeding” of sea ice communities. It has earlier been hypothesized
(Galand et al., 2009) that the rare biosphere might have a potential ecological role in seeding new
communities under changing environmental conditions but this is one of few sets of field data that
might support this hypothesis.
One of the unique features of planet Earth is that, within its temperature ranges, water can be found
in all three possible phases: solid, liquid and gas. Therefore, we should expect that organisms have
evolved to thrive, respectively, in the different phases of water. The relative proportion of water on
Earth occurring in these different phases has differed through geological time, i.e., glacials vs.
interglacials. Thus, we might expect organisms that thrive under ice conditions to be rare in an
interglacial such as the present when a large proportion of the water on Earth is in the liquid phase.
Should the Earth return to a glacial period, however, these organisms might have a much more
important ecological role to play than they apparently do today.
All of this is, of course, speculation. However, it does serve to emphasize how little we really know
about the role and function of biodiversity of phytoplankton (and all other groups of organisms) in
the Earth System. Everything being equal, we must assume that the genetic diversity of the
biosphere is what gives it its resilience, i.e., its ability to withstand and recover from change.
Simply because an organism is rare or apparently does not execute an obvious ecological role today
does not necessarily mean that it is unimportant with respect to the function of the biosphere in the
Earth System under different climate conditions.
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Sørensen (2014) also described the diversity of pico-eukaryotic phytoplankton (i.e. those ranging in
size from ~0.2 – 2.0 µm) in these North Pole sea ice samples and noted that a number of the
phylotypes found in the ice have never been reported in studies examining the distribution of picophytoplankton in pelagic environments. This result was unexpected as many more studies of
picoplankton distribution in pelagic environments have been carried out than in sea ice and the
significance of the result is still unclear. Are there pelagic phylotypes that remain to be discovered?
Or are some phylotypes found in the ice restricted to sympagic environments? If some only can
survive in ice, how does recruitment take place?
As noted in Chapter 1, there are, even among the chlorophyll-containing phytoplankton, many
organisms that cannot be classified as being distinctly “plant” in that they exhibit nutritional
strategies that include both autotrophy (photosynthesis) and one or more forms of heterotrophy
(e.g., Stoecker et al., 2009; Berge et al., 2012; Flynn et al., 2012; McKie-Krisberg and Sanders,
2014). Such organisms are referred to as mixotrophs. Their existence has long been known from
laboratory studies. However, it is only relatively recently that focus has been directed towards
understanding the importance of mixotrophy under natural conditions for ecosystems (Zubkov and
Tarran, 2008; Moorthi et al., 2009). Ptacnik et al. (2010) have suggested that alternative nutritional
strategies (i.e. autotrophy, and the various forms of mixotrophy and heterotrophy) in aquatic
systems may have an important ecological function in the form of stabilizing the ecosystem and
Mitra et al. (2014) argue that ecosystems dominated by mixotrophic organisms may make important
contributions to biogeochemical flows.
There are as yet no methods that allow quantification of the role of different nutritional forms in the
production of particulate organic carbon (POC) and carbon flow in marine ecosystems. The sheer
abundance of mixotrophic organisms in the ocean suggests, however, that the role of this nutritional
form in food webs may be considerable. Richardson et al. (2014) demonstrated, for example, that
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the vast majority of the dinoflagellates found during a study of Sargasso Sea phytoplankton were
known mixotrophs (Table 2.2).
Table 2.2. Biomass (µg C l-1) of chlorophyll-containing protists larger than ~ 2µm along three
north/south transects crossing a front in the Sargasso Sea. DCM: deep chlorophyll maximum;
dino.: dinoflagellates. From Richardson et al. (2014).

The spatial distribution in the relative importance of different nutritional strategies of phytoplankton
for ecosystems and the ocean carbon cycle is currently not well described. Mixotrophic
representatives have, however, been found in all eukaryotic phytoplankton groups. That so many
different strategies for obtaining nutrition from both particulate and dissolved organic carbon have
evolved in these organisms (from the direct use of DOC and phagotrophy to the stealing or
borrowing of chloroplasts from consumed prey, i.e., “kleptoplastidy” to the cooperative attack,
paralyzing and consumption of organisms much larger than themselves (Berge et al., 2012)), we
have to assume that such strategies are evolutionarily advantageous in many circumstances.
Mixotrophy seems, therefore, likely to be of importance for ocean ecosystems and Earth System
function. Again however, as noted in Chapter 1, it seems possible that the implicit expectation on
the part of researchers that the underlying ecological mechanisms and principles identified in
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terrestrial ecosystems also are valid for marine ecosystems may have served as an impediment in
advancing real understanding of plankton ecology.
In the over 60 years since Steemann Nielsen introduced a method to quantify photosynthesis
(primary production) in aquatic systems, the assumption has been that autotrophy is the nutritional
form upon which the formation of POC is based. Therefore, attempts to describe food webs and
carbon flow have focused on following the direct products of photosynthesis in the system.
While autotrophy is, of course, still the only nutritional form that can convert energy from the sun
to organic material (thus warranting the classification of “primary” production), the occurrence of
mixotrophy both increases the complexity of trophic interactions and enhances the efficiency of
trophic exchange (Ptacnik et al., 2010). This increased efficiency in the transfer of energy to higher
trophic levels may increase the amount of POC available to higher trophic levels. Thus, estimates of
food availability for higher trophic levels may be altered when the role of mixotrophy is more
thoroughly understood and taken into account. A better understanding of the role of mixotrophy in
marine ecosystems should, therefore, be a research priority in the coming years. At this point,
however, there is simply insufficient data to discern macroecological patterns in this potentially
important ecological process. Therefore, mixotrophy is not considered in the analyses presented in
this study.
Some planktonic members of the cyanobacteria can fix nitrogen (are diazotrophs). Especially in
regions of permanent water column stratification where the introduction of inorganic nitrogen via
mixing from deep waters is limited, can the fixation of N2 be an important source of nitrogen to
plankton ecosystems. For many years, it was believed that the colonial bloom-forming
Trichodesmium sp. were primarily responsible for nitrogen fixation in the open ocean and that
diazotrophy was largely confined to the tropical and sub-tropical North Atlantic where these species
occur (e.g. Capone et al., 2005). In the early 2000s, however, it became clear that some unicellular
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cyanobacteria are also diazotrophic (Zehr et al., 2001; Montoya et al., 2004) and it is now known
that nitrogen fixation by prokaryotic phytoplankton is widespread and occurs over all of the world’s
tropical and sub-tropical oceans (Zehr, 2011). These tiny prokaryotic phytoplankton are, then,
potentially important actors in the global nitrogen cycle, although the magnitude of this oceanic
nitrogen fixation and its potential impact on the global nitrogen cycle are currently not well
constrained.
In addition to having potential importance in terms of introducing nitrogen to nitrogen-limited
ecosystems in oligotrophic regions and potentially being of importance in the cycling of nitrogen at
the global level, nitrogen fixation by cyanobacteria can be of substantial importance for other
organisms. Numerous marine organisms, including some diatoms, have diazotrophic cyanobacteria
as symbionts (Fiore et al., 2010).
2.6. Global geographic distribution of different phytoplankton groups
Phytoplankton are highly diverse and the term is used to encompass organisms classified in three
different taxonomic Kingdoms (Monera, Protista and Plantae). No generally accepted estimate of
the number of phytoplankton species exists. Armbrust (2009) places the number of diatom species
alone at around 200,000 while a review which came out the same year (Simon et al., 2009) suggests
that the total number of known phytoplankton species may only be on the order of 5000 and
philosophizes over why species numbers amongst the phytoplankton should be so low compared to
land plants. The one thing that does seem clear, however, is that many of the world’s phytoplankton
have yet to be identified.
Of the different taxonomic groups of phytoplankton, the cyanobacteria were the first to evolve – on
the order of 3.5 billion years ago. About 1.5 billion years ago, an endosymbiotic event occurred
between a cyanobacterium and a eukaryotic heterotroph (see reviews by Armbrust 2009; Simon et
al., 2009). This event yielded a group that led to today’s red and green algae (as well as the land
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plants). About a half billion years later, another event occurred where, this time, it was a red alga
that was incorporated into a different eukaryotic heterotroph. Ultimately, this union led to two
taxonomic branches recognized today, the alveolates (which includes dinoflagellates) and the
stramenopiles (where several groups of phytoplankton, including the ubiquitous diatoms, are
classified) (Figure 2.12).
Figure 2.12. Tree of eukaryotes from Keeling (2013). The phytoplankton with which this
thesis is concerned are classified within the prokaryotes (Cyanobacteria), Stramenopiles,
Alveolates and Green Algae. The small coloured ovals depict the origin of the plastids
contained (green, red, and cyanobacteria). White ovals depict non-photosynthetic plastids.
Reprinted with permission from Annual Reviews.
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Both the alveolates and the stramenopiles include classes of organisms that do not contain
chloroplasts (ciliates, for example, are classified within the alveolates). Even among some of what
we consider phytoplankton groups, i.e. the dinoflagellates, there are species that do not contain
chloroplasts and do not perform photosynthesis. So, in popular terms, these groups include both
“plants” and “animals”. Finally, some extant dinoflagellates appear to have evolved from a third
endosymbiosis event in which an organism arising from the second event was incorporated into a
heterotrophic protist.
In order to really understand the function of phytoplankton in the Earth System, we ultimately need
to have an understanding of the global distribution not only of the different organisms, themselves,
but also of the distribution of different functional types and even nutritional strategies. Today, of
course, that is not possible but it is possible – at least to some degree - to map the global occurrence
of a few different taxonomic groups and, in some cases, functional groups. Usually, this is done by
exploiting specific bio-optical characteristics that make it possible to discern them from other
groups. Most often it is the bio-optical signals associated with pigment combinations specific to
particular taxonomic groups or the presence of coccoliths (Figure 2.13) that can detected by remote
(satellite-mounted) ocean color sensors (Alvain et al., 2005; Alvain et al., 2008)
However, it is now also possible to estimate the size range of the dominant phytoplankton in surface
waters using satellite-borne sensors (Brewin et al., 2010) (Figure 2.14). These analyses of global
phytoplankton distributions have led to some generalizations concerning the distribution of some
taxonomic and functional groups.
The small photosynthetic cyanobacteria, Synechococcus and Prochlorococcus dominate in the
oligotrophic tropical and sub-tropical surface waters. Synechococcus seems to dominate in
equatorial waters while Prochlorococcus dominates in waters between 25o and 30o N and 20o – 35o
(Alvain et al., 2008). Diatoms blooms are common in both the North Atlantic and Southern Ocean
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as well as in “up-welling” areas where hydrographic features lead to the transport of deep, nutrientrich waters into the surface layer. Thus, when upwelling occurs in tropical regions, diatoms can
dominate here as well (Alvain et al., 2008).
Figure 2.13. Occurence of Coccolithphorid blooms (in white) obtained from PHYSAT from
SeaWiFS data (1997-2006). The pixels where one or more coccolithophorid blooms was/were
recorded the period are shown in white. From Alvain et al. (2008), reprinted with permission
from John Wiley & Sons.

Coccolithophorid blooms are very common in the North Atlantic in waters south of Iceland but
occur at high latitudes over the entire globe (Figure 2.13). One should not, however, be misled by
such images to assume that coccolithophorids only are found in the regions where satellite sensors
register blooms. Chust et al. (2013) examined the phytoplankton distributions from three surveys
along a north-south transect from about 50 oN to 50 oS and found that coccolithophorid diversity
was actual greatest in the tropical zone. Within each of the groups they considered in that study
(diatoms, dinoflagellates and coccolithophorids), only one of the species encountered was
responsible for the blooms recorded. In the case of the diatoms, it was Thalassiosira gracilis, for
dinoflagellates, Gymnodinium galeaeformae and for coccolithophorids, Emiliania huxleyii.
What it is that makes only some species bloom and others not remains an unanswered question.
Because coccoliths preserve so well in ocean sediments, there is good paleo-evidence that different
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Figure 2.14 Phytoplankton size class percentage calculated by a model proposed by Brewin et
al. (2010) and based on input data from SeaWiFS in May 2005. Grey pixels represent areas
where no data is available. White pixels represent coastal areas (< 200m) where chlorophyll
algorithms are confounded by the presence of suspended material. From Brewin et al. (2010).
Reprinted with permission from Elsevier.

species have been the dominant “bloomer” within this group throughout history. The sedimentary
record indicates that coccolithorophorids of the genus Gephyrocapsa were the dominant blooming
coccolithophids for many thousands of years (Bollmann et al., 1998). Today, the dominant bloomforming coccolithophorid is recognized to be Emiliania huxleyii, yet Gephyrocapsa species exist
today. Why it is Emiliania huxleyii and not Gephyrocapsa that blooms today? Perhaps there are
parallels to be drawn and understanding to be gained by considering the paleo-historical record of
the waxing and waning of the dominance of different coccolithophorids in understanding the
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potential role of the rare microbial biosphere discussed above but this does not yet appear to have
been investigated.
As in the case of the coccolithophorids, one must not conclude on the basis of the indications from
remote sensing that the tiny picoplankton dominate plankton populations in the tropics and subtropics, that picoplankton are unimportant in other regions. It actually appears that there is a
relatively constant abundance of pico-phytoplankton in the surface ocean over the entire globe and
that the higher chlorophyll concentrations recorded at higher latitudes result from the addition to the
community of the larger phytoplankton (Figure 2.11). Most focus on pico-phytoplankton to date has
been on the pico-cyanobacteria, Synechococcus and Prochlorococcus, More recently, however, and
thanks largely to the advent of molecular techniques that allow routine examination of the diversity
phytoplankton in all size ranges, this focus has been expanding to include the distribution of
eukaryotic picoplankton. While it has been shown that a number of eukaryotic phytoplankton
groups contain representatives in the picoplankton size range, the most common of pico-eukaryotes
belong to the Prymnesiophyceae or the Chrysophyceae and the abundance of picoplankton in these
two groups appears to differ depending on environmental (nutrient) conditions (Kirkham et al.,
2013). Just as in the case of the pico-cyanobacteria, pico-eukaryotes are found in all ocean basins.
Continued development and application of molecular techniques offers the promise of gaining an
improved understanding of the diversity of picoplankton in general, and pico-eukaryotes in
particular. There is also evidence that it may be possible to derive some physiological
characteristics (C/Chl ratio; nutrient (iron) limitation) of surface phytoplankton from data collected
via satellite-borne sensors (Behrenfeld et al., 2005; 2009) although these approaches do not appear
to be widely applied at the present time.
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2.7. What is diversity, how is it measured, and why does phytoplankton diversity matter?
To date, most of the focus in terms of describing global geographic patterns in the distribution of
phytoplankton has been related to proxies representing biomass or specific taxonomic, functional or
size groups and not the communities of which these groups are a part. It is, however, becoming
increasingly clear that in order to more fully describe the role of phytoplankton both in the Earth
System as a whole and in terms of their role in ecosystem carbon flow, it is also important to
understand more about the species composition of phytoplankton communities as well as how and
why they change under different conditions. It has long been recognized that phytoplankton
community species composition influences the shape of food webs and the efficiency of the
biological pump but, similarly to the situation for terrestrial plant communities, evidence is
emerging to suggest that species diversity within the phytoplankton community also has other
influences on plankton ecosystem function, see review by (Ptacnik et al., 2010).
In terrestrial systems, it has often been assumed that there is a universal unimodal relationship
between productivity and species richness (see references in Willig, 2011). This concept has been
much debated and is still very much questioned (e.g., Adler et al., 2011). Nevertheless, numerous
studies (e.g., Hooper et al., 2005; Hooper et al., 2012; Reich et al., 2012) have indicated that
primary production often scales positively with plant diversity. Thus, while perhaps not being
“universal”, it does seem likely that there is an interaction between species richness and
productivity, at least under some circumstances.
The types of studies carried out with terrestrial plants are hard to directly transfer to natural aquatic
systems as primary production here will, all things being equal, be controlled by nutrient
availability, which is impossible to control in natural marine systems. However, Ptacnik et al.
(2008) and Striebel et al. (2009) have demonstrated that phytoplankton “resource-use efficiency”,
i.e. the amount of phytoplankton biomass (measured both as carbon and chlorophyll) at a given
nutrient concentration increases with increasing species richness. This suggests that, in the ocean as
82

on land, diversity may in some manner be a controlling factor in relation to the magnitude of
primary production. It can be noted here, that recent studies (Soliveres et al., 2016) suggest that
species richness, at least in terrestrial communities, may not be the most important variable to use in
considering the role of diversity in ecosystem function. These authors suggest that it is important to
consider not only numbers of species but also numbers of species in different trophic groups in
order to understand the relationship between biodiversity and ecosystem function.
Nevertheless, diversity in ecology is usually defined as species richness, although other taxonomic
or functional entities can be substituted for species. Thus, diversity is often measured as the total
number of organism types present in a given community. A particularly useful concept in
discerning patterns in the distribution of organisms in an environment is beta-diversity which is the
variation in species (or other entity) composition among sites in the environment studied
(Whittaker, 1960; 1972) and its application to understanding phytoplankton diversity will be
developed in Chapter 3. In addition to species richness, there are, however, a number of other ways
by which diversity can be described.
Several diversity indices have been developed that take into account not only species richness but
also the relative abundance of each of the species. Of these, it is the Shannon Index (Shannon,
1948), that also goes under several other names, including Shannon-Weaver, and the Simpson
Indices (Simpson, 1949), one most often sees applied to the study of phytoplankton diversity. The
rationale for an index approach is that communities or ecosystems comprised of equal numbers of
many different taxa will function quite differently than those with the same number of taxa present
but where one dominates the community.
In some cases, it can also be useful to describe the diversity of an ecosystem based on the
abundance of one or more specific species. The recognition that certain species can have a
disproportional impact in the ecosystem and its function relative to their abundance caused Paine
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(1969) to refer to such species as “keystone” species. The concept was popular (not least of which
in conservation biology), used widely, and redefined several times (i.e. Paine, 1995) during the
following decades and its usefulness perhaps diminished due to the many different contexts in
which it has been employed. In any case, it has seldom been applied to phytoplankton. Given the
history and current status of the term “keystone species”, it is not used here. Nevertheless, it is clear
that the presence of certain species in a phytoplankton community can have profound effects on
food web structure or the fate of the organic material produced by phytoplankton. The presence of
certain toxic species can, for example, influence the distribution and behavior of potential predators
(see review by Richardson, 1997) and non-dominant species in the community can contribute
disproportionally to the organic carbon flux from surface to deeper layers of the ocean (e.g.
Rynearson et al., 2013). It can here also be noted that modeling studies have suggested that the
evolution of the larger ballasted phytoplankton species had a profound effect on the Earth System as
a whole due to their contributions to the biological pump and, thereby, biogeochemical cycling
(Meyer et al., 2016)
2.8. Species distribution modelling
In paleoecology, it is common practice to use the fossil remains of specific phytoplankton species as
proxies describing the conditions of the prehistoric ocean (e.g. Dale, 1996; Rochon et al., 1999;
Abelmann et al., 2006). This being the case, logic then dictates that it should also be possible, in
principle at least, to predict the distributions of specific phytoplankton species under current and
future ocean conditions. This is not an approach that has been widely used in phytoplankton
ecology although terrestrial ecologists have applied species distribution modeling for some time as
a tool for studying how changing environmental conditions may influence future distributions of
specific species. However, species distribution modeling is now also beginning to be used in
phytoplankton studies (e.g., Barton et al. 2016).
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As a follow-up to the Rynearson et al. (2013) study, in which it was demonstrated that
Chaetoceros cf. diadema may contribute disproportionally to vertical carbon flux in the water
column, Jensen et al. (2017) applied species distribution modelling in an attempt to project the
distribution of C. diadema and the coccolithophore, Emiliania huxleyi, in a future ocean impacted
by climate change (Figure 2.15). This study indicated that the area over which the diatom, C.
diadema, may be distributed in a warmer ocean will decrease and, furthermore, that it will be found
over shallower waters. Thus, there may be reason to believe that this species will be a less important
contributor to the biological pump in a warmer ocean. Also changes in the distribution of E. huxleyi
in a warmer ocean were predicted by this model (Figure 2.14). There are many caveats, of course,
concerning projections made in this way. Nevertheless, the use of species distribution modelling on
phytoplankton species seems feasible and a potentially valuable tool for future studies in
phytoplankton ecology.
While there is currently only a superficial understanding of how individual phytoplankton species
may influence ecosystem functioning, there is increasing recognition that this is an important area
of research. The Rynearson et al. (2013) study illustrates that one single species which represents
only a very minor component of the surface phytoplankton community can be responsible for the
major proportion of organic carbon transfer from the surface to deeper layers of the ocean. That this
species should be so important for this carbon flux might be because its life cycle includes the
formation of resting spores that both sink rapidly and may be resistant to bacterial degradation
during sinking. Surely, however, this species is not the only one with the potential to contribute
disproportionally to vertical carbon flux. Developing a better understanding of the factors
influencing the efficiency of the biological carbon pump requires a better understanding of the
species that have particularly high probabilities of making significant contributions.
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Figure 2.15. Projected changes in the distribution of Chaetoceros diadema and Emiliania
huxleyi between current ocean conditions and future conditions (2100 based on the IPCC
RCP 8.5 scenario). Areas in green are those areas where in increase in the abundance of these
species is predicted. After Jensen et al. (2017).

Emiliania
huxleyi

h

Indeed, Ragueneau et al. (2006) suggested that improving our understanding of the role of plankton
ecology on vertical flux is perhaps the biggest challenge for modeling the global carbon cycle in the
present and understanding how it might change in the future. Thus, although the diversity of
phytoplankton assemblages may not have the same popular appeal as the diversity of land plants,
there is every reason to believe that it is extremely important both for ecosystem function and for
biogeochemical cycling. Just because phytoplankton are small doesn’t mean their biodiversity is not
important!
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Describing species diversity patterns and their underlying causes is an important focus in the study
of macroecology, a discipline that grew out of terrestrial ecology in the latter part of the 20th century
and that was christened in 1989 by Brown and Maurer. As noted above, macroecological studies on
planktonic organisms are still in their infancy as species distribution patterns are much more
difficult to recognize for these organisms than is the case for large and relatively stationary
terrestrial organisms. Nevertheless, macroecological investigation of the ocean’s plankton
communities has in recent years firmly taken root (e.g. Irigoien et al., 2004; Huete-Ortega et al.,
2014).
Here again, the emergence of new methodologies in genomics is changing long-held perceptions in
phytoplankton ecology where it has been assumed that ocean currents will ensure the global
distribution of species. Phytoplankton taxonomy has, traditionally, been largely developed on the
basis of morphological characteristics but analyses have now demonstrated high genetic diversity
can occur in species within a single bloom (e.g., Rynearson and Armbrust, 2005) and that individual
species can occur in distinct populations related to their geographic locations (Casteleyn et al.,
2010). In addition, it is clear that phytoplankton deemed to be a single species on the basis of
morphological characteristics can, in fact, be genetically quite distinct and unable to interbreed
(Quijano-Scheggia et al., 2009). In such cases, the organisms are referred to as being “cryptic
species”, see review by Bickford et al. (2007).
Following Victor Smetacek’s (Smetacek, 2001) line of reasoning, we should perhaps not be
surprised at the discovery of cryptic phytoplankton species as he argues that the evolution of
phytoplankton morphology has been driven by the need for defense against predation rather than by
resource acquisition as appears often to be the case for organisms evolving on land. As there are,
presumably, only a limited number of strategies a single celled organism can adopt to defend itself,
this might lead to similar morphological “solutions” in separate species. Thus, the advent of
methods to study the genetic biogeography of phytoplankton – together with the fact that, for many
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phytoplankton species, no sexual reproduction cycle is known – is bringing the entire species
concept into question for these organisms (Simon et al., 2009).
A vigorous debate has in recent years been taking place as to whether phytoplankton diversity is
primarily controlled by environmental conditions, i.e. niche separation (e.g. Cermano and
Falkowski, 2009; Cermano et al., 2010) or dispersal limitation and ecological drift (e.g. Ptacnik et
al., 2010). Many studies are emerging, however, suggesting that both types of processes may be
important in establishing and maintaining phytoplankton diversity (e.g. Pueyo, 2006; Vergnon et
al., 2009; Chust et al., 2013). Mousing et al. (2016; discussed further in Chapter 3) have recently
demonstrated that, even at the sub-mesoscale, both dispersal and niche separation can play a role in
determining phytoplankton community diversity.
2.9. Global patterns in diversity
Not surprisingly given the global patterns observed in chlorophyll (Figure 2.10), a latitudinal
pattern in the abundance of phytoplankton cells has also been documented (Figure 2.16). However,
this is not quite as obvious as it seems as large cells tend to dominate in regions of high
phytoplankton biomass (e.g., Chust et al., 2013) and large cells contain much more chlorophyll than
the smallest of phytoplankton.
Global patterns in phytoplankton diversity are not well known. On the one hand, Irigoien et al.
(2004), using data collected from 12 different globally distributed regions, found a unimodal
relationship between phytoplankton diversity (Shannon-Weaver Index) and phytoplankton biomass
with peak diversity occurring at around 50 mg C m-3. Using the range of Chl/C given in Behrenfeld
et al. (2005), this would correspond to a chlorophyll content of between 0.05 and 3 mg m-3; and
using the range given by Riemann et al. (1989) to between 0.7 and 1.9 mg m-3. While the lower end
of the estimated chlorophyll concentrations (i.e., obtained using the Behrenfeld et al. (2005) range)
could, in principle, describe tropical waters, it seems unlikely that the communities exhibiting
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maximal diversity were those found in tropical waters where surface chlorophyll concentrations are
often below 0.1 mg m-3. The Irigoien et al. (2004) study then seems to suggest phytoplankton
diversity will be at a minimum in low latitude oligotrophic waters and should increase – at least up
to a point – as nutrient concentrations and phytoplankton biomass increase moving towards the
poles.
Figure 2.16. Overall phytoplankton species (diatoms, dinoflagellates and coccolithophores)
abundance along the Atlantic Meridional transect. From Chust et al. (2013). Reprinted wth
permission from John Wiley & Sons.

This conclusion is supported by a modeling study (Adjou et al., 2012) that examined the effects of
nutrient availability, grazing pressure and ocean transport on phytoplankton diversity. Also in that
study, a unimodal distribution of phytoplankton diversity was found with the highest diversity being
encountered at intermediate nutrient concentrations. As nutrient concentrations are minimal in low
latitude waters, the results of Adjou et al. (2012) also suggest that maximal phytoplankton diversity
should not be expected here. In contrast, however, Barton et al. (2010), applying a global ocean
circulation, biogeochemistry and ecosystem model arrived at the conclusion that diversity (Shannon
Index) will be at its maximum around the equator and decrease towards the poles. Thus, a
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consensus regarding the geographical distribution of phytoplankton diversity in the global ocean
remains elusive.
2.10. Community size composition as a proxy for diversity
Because of the expense and difficulty of identifying species in a phytoplankton community,
functional groups of phytoplankton are often substituted for species lists in phytoplankton diversity
studies. Size is an interesting trait to use in describing phytoplankton as similarly sized
phytoplankton share many of the same predators, have similar nutrient affinities and, often, similar
sinking characteristics (see Vergnon et al., 2009). Thus, identifying patterns in phytoplankton size
distributions and their causes can offer an alternative approach to studying phytoplankton diversity
to using species counts.
On the Galathea 3 expedition, crude estimates of the size structure in the phytoplankton population
were made by determining the percentage of the total chlorophyll content of the samples
(determined by filtration onto GFF filters with a nominal pore size of 0.2 µm) that was retained on
10 and 50 µm filters, respectively. The greater the percentage of chlorophyll retained on the larger
pored filters, the greater the dominance of large phytoplankton in the community was assumed to
be. Hilligsøe et al. (2011) examined these data and reported that the relative dominance of large
phytoplankton co-varied with the concentrations of nitrogen and phosphorous and with temperature.
This result was expected as, on the basis of surface to volume characteristics, small cells are known
to be better than large cells at meeting their nutrient requirements when nutrient concentrations are
low (Kiørboe 1993). In warm regions, the water column is often stratified with the waters at the
surface being both warm and oligotrophic. Thus, temperature and nutrient concentration are
correlated.
As the temperature vs. size correlation was the strongest of the three correlations, Hilligsøe et al.
(2011), examined the relationship further by dividing the data set into two equally sized groups: one
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containing the size distribution data where the nutrient concentrations were highest and the other
where they were lowest. When these two groups were plotted against temperature, no significant
difference between the slopes of the resulting lines could be discerned. Hilligsøe et al. (2011)
reasoned that, if nutrient availability alone was driving the observed temperature size relationship,
then the effect would be most pronounced for the data group that consisted of the samples where
nutrient concentrations were lowest. As this was not the case, those workers suggested that
temperature may have a direct effect on phytoplankton community size structure.
Using a more sophisticated statistical approach, Mousing et al. (2014) examined these data further
and were able to demonstrate both a nutrient dependent and a nutrient independent effect on the size
distributions of phytoplankton communities in this global data set, where they suggested that the
latter was most likely a temperature effect. When the variation was partitioned according to the
different effects on the data set as a whole, the nutrient effect accounted for about 6%, the
temperature effect 3% and the combined temperature + nutrient effect 20% of the variation. Thus,
although weaker than the nutrient effect, the presumed temperature effect was nevertheless
significant.
When the different ocean regions in the study were considered individually, no evidence was found
to indicate that the slopes of the region-specific correlations differed from one another. In addition,
when the effect of ocean regions was taken into account in the variance partitioning, the
temperature effect accounted for 8%, nutrient effect 1% and combined effect of the two 23% of the
variation. Mousing et al. (2014) concluded, therefore, that there is likely a universal effect of
temperature on phytoplankton community size structure.
This is an important conclusion in terms of possible effects on ecosystems and biogeochemical
cycling of the warming currently being recorded in the ocean (IPCC 2014). To date, no models
attempting to predict possible changes in the function of the ocean in Earth System element flows
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include the fact that temperature, itself, may influence phytoplankton size. Sinking rate of
phytoplankton is a function of size (Stokes Law) and small cells sink more slowly than large.
Increased sinking time increases the chances of being consumed or degraded while sinking and,
thus, will potentially reduce the strength of the biological pump.
Furthermore, increased temperatures will increase the rate of bacterial degradation of organic
material during the sinking process (Bendtsen et al., 2015). Modelling studies (Segschneider and
Bendtsen, 2013) indicate that the increased rates of bacterial respiration expected in a warming
ocean can be predicted to significantly reduce the magnitude of the net annual CO2 flux from the
atmosphere to the ocean. This would reduce the capacity of the ocean to act as a carbon sink in the
global carbon cycle, already by the end of this century if anthropogenic CO2 emissions continue
unchecked.
It is not only the strength of the biological pump that may be impacted by temperature-induced
changes in phytoplankton community size structure. Food webs and ecosystem structure are also
highly vulnerable to changes in phytoplankton community size. Hilligsøe et al. (2011), in their
analysis of the global Galathea 3 data set, found a significant relationship between both the
temperature and the percentage of chlorophyll captured on the large pored filters and the production
of mesozooplankton (Figure 2.17).
A relationship between mesozooplankton production and phytoplankton community size structure
would be expected from theoretical considerations (Azam et al., 1983; Kiørboe, 1993) and has been
observed in numerous local – regional studies. However, the Hilligsøe et al. (2011) observations
using data collected from nearly all major ocean basins indicate that changes in phytoplankton size
structure resulting from ocean warming can be expected to have cascading effects in ocean food
webs more generally.
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Figure 2.17. The contribution of calanoid and cyclopoid copepod nauplii as a function of total
copepods as a proxy for secondary production. From Hilligsøe et al. (2011).

2.11. Chapter 2: Summary
In this chapter, the current understanding of the global distribution of phytoplankton in the surface
ocean has been summarized. Neither phytoplankton, themselves, nor their photosynthesis can be
directly quantified on the global scale. Therefore, proxies are employed to describe the relative
abundance of phytoplankton, and specific functional or taxonomic groups in the surface ocean.
Most often, these proxies take as their starting point bio-optical properties in the waters hosting
phytoplankton. None of these proxies are ideal in that none correlate directly to the biomass of the
phytoplankton group(s) of study. Furthermore, the estimation of the proxies themselves is also
plagued with error. Pigments (most often chlorophyll a), for example, are often used as proxies for
the presence of phytoplankton. However, the spectra of the bio-optical signals indicating the
presence of the various pigments overlap with one another as well as with other dissolved
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substances in the water being sampled. This complicates and induces error in the estimation of the
surface chlorophyll concentrations used not only to describe the distribution of phytoplankton but
also to create estimates of phytoplankton photosynthesis.
The employment of bio-optical characteristics of the surface ocean to estimate the distribution of
phytoplankton and their photosynthesis will, therefore, never be able to provide absolute estimates
of biomass or photosynthesis distributions. Nevertheless, using remotely sensed bio-optical
characteristics of surface waters does allow nearly synoptic determination of the entire global
ocean. This makes them extremely useful for developing an understanding of the relative
geographic distribution of phytoplankton in general as well as several specific functional and
taxonomic groups, and the relative distribution of ocean photosynthesis (primary production).
In this chapter, two macroecological patterns recently identified by the author and co-workers
werepresented: one between phytoplankton community size distribution and temperature, the other
between phytoplankton cell size and photosynthetic performance. Several lines of evidence
discussed indicate that community structure (biodiversity) of phytoplankton is an important factor
influencing community activity. Thus, an important current research focus is to obtain a better
understanding of the factors that control phytoplankton distribution and diversity.
Such studies are difficult to carry out at the global level but it seems likely that many of the factors
identified as being important for structuring phytoplankton distribution and diversity at the local
and regional levels can help to identify processes important at the global level. Chapter 3 deals,
therefore, with studies of the surface ocean carried out at the less-than-global ocean scale.
The following peer-reviewed publications are appended for evaluation of this chapter:
Lyngsgaard, M.M., Markager, S. and Richardson, K. (2014). Changes in the vertical
distribution of primary production in response to land-based nitrogen loading. Limnology
and Oceanography, 59, 1679-1690 doi: 10.4319/lo.2014.59.5.1679.
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Hilligsøe, K.M., Richardson, K., Bendtsen, J., Sørensen, L-L, Nielsen, T.G. and Lyngsgaard,
M.M. (2011). Linking phytoplankton community size composition with temperature,
plankton food web structure and sea–air CO2 flux. Deep Sea Research Part I, 58, 826–38
doi:10.1016/j.dsr.2011.06.004.
Mousing, E.A., Ellegaard, M. and Richardson, K. (2014). Global patterns in phytoplankton
community size structure—evidence for a Direct Temperature Effect. Marine Ecology
Progress Series, 497, 25–38 doi:10.3354/meps10583.
Richardson, K., Bendtsen, J., Kragh, T., and Mousing, E.A. (2016). Constraining the
distribution of photosynthetic parameters in the global ocean. Frontiers in Marine Science,
3, 269 doi:10.3389/fmars.2016.00269.
Rynearson, T.A., Richardson, K., Lampitt, R.S., Sieracki, M.E., Poulton, A.J., Lyngsgaard,
M.M., Perry, M.J. (2013). Major contribution of diatom resting spores to vertical flux in
the sub-polar North Atlantic. Deep Sea Reseach Part I, 82, 60-71 doi:
10.1016/j.dsr.2013.07.013.
Jensen, L.Ø., Mousing, E.A. and Richardson, K. (2017). Using species distribution modelling
to predict future distribution of the phytoplankton species important for the biological
pump. Marine Ecology, 38(3) doi: 10.1111/maec.12427.
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Chapter 3: Factors influencing temporal and spatial distributions of phytoplankton
in the surface ocean
This chapter continues the focus on the surface ocean and examines some of the
processes at the meso and sub-mesoscales that lead to the global patterns identified in
Chapter 2. Four of the author’s recent papers are appended to this chapter for
evaluation. One presents macroecological relationships between inorganic nutrient
availability and phytoplankton size distributions that were previously unrecognized .
One presents evidence that sub-mesoscale oceanographic features may act as dispersal
barriers for phytoplankton and thus implies that the ubiquitous but often ephemeral
sub-mesoscale fronts found in the global ocean may be important for maintaining
genetic diversity in phytoplankton in the global ocean. One provides evidence that
mixing deep in the water column in association with the shelf slope in the northeastern
North Sea may lead to “hot-spots” of new primary production. The final paper
examines the relationships between chlorophyll concentration, phytoplankton carbon
biomass and primary production over the production cycle. The analysis indicates that,
while chlorophyll concentration is greatest during the spring, primary production (PP)
peaks during late summer (August). The low phytoplankton standing stock during
summer is related to heavy zooplankton grazing pressure at this time. Most global
estimates of ocean PP rely on chlorophyll estimates made from bio-optical
characteristics of the surface water. The seasonal variation demonstrated in the
relationship between chlorophyll concentration and PP argues strongly for the need to
better constrain the temporal and geographic variation in photosynthetic parameters
normalized to chlorophyll concentrations in order to improve estimates of ocean PP
derived from remote sensing of surface waters.
Chapter 2 demonstrated that it is – at least for some groups or species – possible to describe global
distribution patterns but such patterns do not allow us to identify the underlying mechanisms from
which these patterns evolve. It has long been assumed that for the microbial “everything is
everywhere but the environment selects”, a concept introduced by the Dutch biologist, Bass
Becking in 1934 (De Wit and Bouvier, 2006). In terms of the ocean, this would mean that all
microbes, including phytoplankton, are distributed by ocean currents around the globe and it is
specific environmental conditions (i.e., the niche7 concept) confronted by the organisms that
dictates whether, or not, they are abundant in that locality. As noted in earlier, however, the

7

The niche concept, i.e. that every species has a specific set of environmental conditions in which it thrives was

introduced in the early 20th century and has been a mainstay in parts of ecological and biogeographic thinking since
Hutchinson (1957).
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“everything is everywhere” paradigm is coming increasingly into question and the last part of this
chapter deals with potential mechanisms that might lead to dispersal limitation of phytoplankton.
Since the early 20th Century (see Chapter 1), it has been clear that phytoplankton distributions are
related to environmental conditions and most investigations of phytoplankton ecology have focused
on elucidating how different or changing environmental conditions influence phytoplankton activity
and biogeography. Thus, there is a wealth of information stemming from local and regional studies
relating to ways in which phytoplankton are influenced by environmental conditions. In this
chapter, the general relationships identified are reviewed and, where appropriate, scaled up in an
attempt to explain the global patterns presented in Chapter 2. Again, this chapter limits itself
primarily to phytoplankton in the surface ocean – we will look below the surface in Chapter 4.
3.1 Phytoplankton biomass distribution tracks changes in water column stability.
The most obvious patterns in the abundance of phytoplankton (i.e., total biomass usually
determined by using chlorophyll a as a proxy) in the surface ocean, at least at temporal and polar
latitudes, are seasonal. Cushing (1959) presented the first overview of the general seasonal
development in phytoplankton and zooplankton biomass in Arctic, temperate and tropical ocean
regions, respectively (Figure 3.1), thus identifying predictable changes in phytoplankton abundance
over the year.
Kiørboe (1993) pointed out that, in addition to examining phytoplankton biomass changes as a
function of time (seasons, weeks, days), one can equally well examine them in relation to space
(km, oceans) provided that the points sampled in space represent different degrees of water column
stability. This is possible because phytoplankton biomass in surface waters is inversely related to
water column stability in seasonally stratified waters during the period of stratification.
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Figure 3.1. Schematic cartoon depicting seasonal variation of phyto- and zooplankton
production in different latitudes. After Cushing, 1959.

That this should be so can be explained with the help of Margalef’s (1963) seminal ideas
concerning ecosystem development. He argued that ecosystems can be described in terms of their
“maturity” which, in turn, is related to system stability. Any ecosystem, unless or until it receives a
disturbance from outside the system, will develop in maturity over time. Mature ecosystems are
more diverse and more complex than immature and they develop more mechanisms or links through
which energy can be transferred and utilized within the ecosystem. Thus, mature ecosystems have a
lower P/B ratio (photosynthesis to total ecosystem biomass) than immature ecosystems, i.e. they
require less total energy input to maintain themselves than immature systems. The increased
number of mechanisms of energy transfer (links in the food web) would lead us to expect to find a
greater variety of nutritional types, e.g., autrotrophs, diazotophs, mixotrophs, in the food web.
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Although there are seasonal differences in the strength of stratification, the Sargasso Sea remains
stratified throughout the year. Thus, it can be argued that is represents a mature system in the sense
implied by Margalef (1963). Given the fact that so many mixotropic dinoflagellates were recorded
in the Sargasso Sea (Table 2.2), it might be interesting to examine whether the relative abundance
of mixotrophic nutritional forms can be related to the frequency of physical disturbance events and
the relative maturity of the ecosystems in which they are found.
Margalef (1963) was writing not just about marine systems but ecosystems more generally. He did,
however, use examples from marine ecosystems to illustrate his points. Thus, he argued that large
accumulations of phytoplankton (blooms) will only be found in the least mature ecosystems:
“a rapid increase of numbers…is possible only in a system that works with low
efficiency, the subsequent drop in the number of individuals means either a great
mortality and consumption by other organisms, or dispersal or migration out of the
ecosystem, in any case a strong flow or export of potential energy” (page 364)
Margalef went on to explicitly identify periods of vertical mixing in the water column as a starting
point for succession in plankton. In other words, he argued that mixing events lead to immature
ecosystems with inefficient energy utilization and the potential for bloom formation as well as the
development of rich feeding grounds for higher trophic levels and/or export of material from the
system. Although Margalef’s ideas regarding the maturity of ecosystems are not often invoked in
biological oceanography today, most of the major advances made in our understanding of
planktonic food webs and energy flow within them over the past 50 years are entirely consistent
with his arguments: Identification of the greater importance of a “microbial loop” (Azam et al.,
1983) in energy flow in stable water columns (i.e., mature ecosystems) as opposed to more mixed;
recognition of the importance of “fronts” (regions where different water masses meet) for the
development of phytoplankton blooms (e.g., Franks, 1992; Richardson et al., 1985) and as regions
where both larval and adult fish are concentrated (e.g., Richardson et al., 1986, Lough and
Manning, 2001; Bakun, 2006). Correspondingly, in terms of the role of phytoplankton in the Earth
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System and the global carbon cycle, it would be in association with sites or times experiencing
frequent mixing events where we would predict the greatest potential for the operation of an
effective biological pump.
Margalef, then, saw mixing events as disrupters of the existing mature ecosystem and, thus, as
initiators of the establishment of new immature systems with all that this entails concerning the
efficiency of energy use within the system. To the phytoplankton that remain – or are advected into
- the newly forming ecosystem, however, mixing events simply represent a change in resource
availability.
3.2. Light as a limiting resource for phytoplankton
When considering light as a limiting resource, it is important to differentiate between total biomass
and individual species, as different species and groups have different ranges of light in which they
thrive (see Chapter 4). For the time being, however, we are considering light as a potential limiting
resource in terms of total phytoplankton biomass and common sense tells us that there will always
be phytoplankton in the water column that are not experiencing enough light to achieve their
maximum rate of photosynthesis. Thus, primary production in the ocean will always be light
limited. What then becomes interesting for us is to quantify the minimal light requirement necessary
to support net primary production (NPP), i.e. a net production of organic material. This is
particularly relevant when trying to understand (and/or predict) the initiation of NPP following the
winter period in temperate and polar regions where nutrients are abundantly available but deep
mixing in the water column results in extreme light limitation of the phytoplankton population as a
whole.
Classic wisdom, as well as essentially all text books in biological oceanography, inevitably invoke
here Sverdrup’s 1953 quantification “critical depth hypothesis” which, in essence, was a
quantification of some of the ideas put forward by Gran and Braarud in 1935 (See Figure 1.2). As it
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is usually interpreted, the critical depth hypothesis argues that in a deeply mixed water column, a
net increase in phytoplankton biomass (i.e. when NPP > loss processes including respiration,
grazing and mortality) will only occur when the water column becomes stratified such that mixing
processes retain the phytoplankton at depths above a critical depth, Hc, where the production of new
biomass is equaled by the loss processes (“respiration”) in the phytoplankton. Thus,
Hc ~ h1 (µo/m)
Where h1 is an expression of the light penetration, µo the population growth rate, and m the loss or
respiration rate. Although Sverdrup (1935) intended that the loss processes should include not only
phytoplankton but also zooplankton respiration (Smetacek and Passow, 1990), it has become
common to consider the critical depth model only in relation to phytoplankton processes. Despite its
widespread acceptance as a mechanism for explaining the timing of the spring bloom in temperate
waters, repeated reports have, since the 1970s, raised questions about its ability to do so, e.g.,
Kaiser and Schulz (1978); Smetacek and Passow (1990); Townsend et al. (1992; 1994).
One explanation for the apparent incidence of blooms where the conditions described by Sverdrup
are not met was offered by Huisman et al. (1999). On the basis of modelling studies, these workers
suggested that there are two mechanisms whereby blooms can form: One as described by Sverdrup
that relies on phytoplankton being retained above a “critical depth”. The other involves a “”critical
turbulence” level, i.e. if turbulent mixing is less than a critical level, then phytoplankton growth
processes may allow the formation of a bloom in surface waters even in the absence of water
column stratification. Intriguingly, follow-up modeling studies (Huisman et al., 2004) have also
suggested that varying rates of turbulent diffusion can influence phytoplankton species composition
by influencing light competition between species. One factor leading to a reduction in turbulent
mixing at the end of winter is the cessation of net cooling of the ocean encountered as air
temperatures increase (Taylor and Ferrari, 2011a).
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Recently, the debate concerning the critical depth hypothesis’ ability to explain the onset of the
spring bloom has blossomed anew (Behrenfeld, 2010). This study, which is based on winter
satellite observations covering the sub-arctic Atlantic over a 9 year period, argues that the spring
bloom occurs in the North Atlantic not because of a change in phytoplankton growth rate following
water column stratification but, rather, due to a decoupling of growth and loss rates in the
phytoplankton community at this time. The satellite images examined by Behrenfeld (2010)
demonstrate clearly that localized phytoplankton blooms occur throughout the winter and he argues,
based on the differences noted between images, that phytoplankton growth rates begin to increase
well before the onset of mixed layer shoaling.
Regardless of what (or which) mechanism(s) actually trigger bloom formation, however, there is no
doubt that the accumulation of phytoplankton biomass represented by the bloom is of potential
importance both as energy input to food webs and as a source of carbon that can be transported to
deep ocean layers via sinking. Thus, the spring bloom, and all other situations where phytoplankton
biomass can accumulate, are of particular interest when considering the role of phytoplankton in the
Earth System.
As Kiørboe (1993) pointed out, strong peaks and troughs in phytoplankton biomass can occur along
a spatial axis when moving between regimes of differing hydrographic conditions. This is especially
the case at fronts, i.e. when traversing regions exhibiting different physical/chemical and/or
stratification characteristics. While usually not as striking to the human observer as the spring
bloom in temperate waters, fronts are ubiquitous features throughout the world’s oceans. They do
not always lead to an accumulation of phytoplankton biomass. However, when they do they can, in
the same manner as the spring bloom, have importance for food webs and for export of material
from the surface to deeper waters. While there is a general recognition that phytoplankton blooms
occur at or near fronts because new combinations of light and nutrient availability are generated in
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the contact region between two different water masses, the actual physical processes and resulting
combinations of light and nutrient availability will vary from front to front.
Here, at least in some cases, Sverdrup’s critical depth hypothesis may well explain the
phytoplankton biomass accumulations occurring. Physical oceanographers have described a number
of processes that can cause ephemeral local stratification, also before the onset of springtime
warming and vernal stratification, e.g., Mahadevan et al (2012); Taylor and Ferrari ( 2011b). These
local regions of stratification provide altered environmental conditions with respect to light and/or
nutrient availability that can lead to a net increase in phytoplankton biomass. In the case of the front
described by Mahadavan et al. (2012), Mousing et al. (2016) demonstrated that a phytoplankton
bloom developed on the side of the front with the most shallow mixed layer depth.
Furthermore, a number of the dominant species found in the bloom studied by Mousing et al. are
known to have relatively high light requirements. Mesozooplankton, i.e., the zooplankters known to
be able to graze on large diatoms, were not measured in that study but are generally known to be
sparse under pre-spring bloom conditions. Thus, it seems unlikely that differences in grazing
pressure on the two sides of the front could have led to the biomass accumulation in the bloom.
There seems, therefore, no reason to believe this particular bloom could have been generated
through a decoupling of the gain and loss terms leading to phytoplankton standing stock as
proposed by Behrenfeld (2010).
Thus, the basic theory of the critical depth hypothesis, i.e., that stratification relieves light limitation
and allows a bloom to occur appears in this case to be sound. Likewise, Chiswell (2011) has argued
that, under conditions when phytoplankton are mixed down to the seasonal pycnocline, it may still
be valid to use Sverdrup’s critical depth model to assess whether or not NPP is occurring. The
assumption applied by Sverdrup that the phytoplankton were totally mixed in the surface layers
during winter prior to the vernal warming does not, however, hold true owing to these other
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physical processes that can cause stratification in the upper layers of the water column as well as to
different rates in turbulent diffusion as hypothesized by Huisman et al. (1999). Thus, it appears
there may be many combinations of physical and biological processes that may lead to bloom
development, where Sverdrup’s critical depth hypothesis is but one.
While the 60 year reign of Sverdrup’s critical depth hypothesis being regarded as the sole
explanation for the onset of the spring bloom in temperate waters appears to be ending, the model’s
basic tenet, i.e. that a change in environmental conditions generating a concomitant increase in the
light available to phytoplankton will lead to an accumulation of phytoplankton biomass, certainly
does hold true. Phytoplankton will bloom in localized patches separated both in time and space if
the local conditions permit – also during the winter, as the satellite images examined by Behrenfeld
(2010) clearly demonstrate. As we will see below, the recognition that blooms will occur when and
wherever the conditions allow has implications both for our understanding of the role of the spring
bloom in the ecosystem and for the development/maintenance of phytoplankton community
diversity.
3.3. Nutrients as limiting resources for phytoplankton
Phytoplankton, just as all other photosynthesizing organisms, require both light and nutrients to
thrive. As in the case of light, however, the relationship between phytoplankton abundance and
nutrient availability is a complicated affair. Nutrient availability, ultimately, limits the
phytoplankton biomass (Falkowski et al., 1998). Historically – and possibly originating with Brandt
taking his inspiration in studying ocean nutrient chemistry from agricultural sciences (see Chapter
1) – biological oceanographers pursued the expectation that phytoplankton growth will be limited
by a single nutrient at any point in time. The question then became what nutrient(s), ultimately
limit(s) phytoplankton biomass. This has been debated energetically for decades. Initially, focus
was largely centered on the inorganic macronutrients, nitrogen (N) and phosphorous (P), as
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potential candidates for limiting phytoplankton production. Again, this was probably due to
inspiration from the agricultural sciences but was likely spurred on by the relatively early
development of methods that allowed the routine and, in 1970, automated, determination of N, P
and Si (see Chapter 1).
Having large amounts of data on inorganic nutrients may, in a sense, have “tempted” scientists to
try to explain their observations as a function of these data. It, furthermore, likely delayed the now
widespread recognition of the fact that many phytoplankton species are capable of utilizing organic
nutrient compounds (e.g. Bruhn et al, 2010). There is even evidence now that the relative
availability of different inorganic and organic nutrient (N) compounds may play a role in structuring
phytoplankton community composition (Moschonas et al, 2017).
However, little is as yet known about the temporal and spatial distributions of potential organic
nutrient compounds in relation to the distributions of the phytoplankton capable of utilizing them.
Thus, it is not yet possible to derive macroecological patterns describing phytoplankton
distributions or activity in relation to organic nutrients. Therefore, only inorganic nutrient
concentrations are used in the discussion and analyses presented here.
Some decades ago, it became obvious that, for many of the large regions of the ocean, both N and P
are found in relatively high concentrations but chlorophyll concentrations remain low (“high
nutrient low chlorophyll”, HNLC, regions). In such regions, iron often appears to be the limiting
nutrient. This iron hypothesis, i.e., that large regions of the ocean may be limited by iron
availability and that changes in iron availability in the ocean over geological time may have
controlled the impact of phytoplankton photosynthesis on atmospheric CO2 concentrations, was
first put forward by Martin (1990). Subsequently, it has been confirmed that, in surface waters
covering about 1/3 of Earth’s oceans, the addition of iron does, indeed, stimulate phytoplankton
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biomass production, changes in species composition, and export of carbon from surface to deep
waters where it can be sequestered, e.g., Boyd et al., (2007); Smetacek (2012).
Let us return, however, to the N vs. P debate that has been so prominent in biological oceanographic
discussions. Redfield (1958) concluded that phosphorus (P) availability must limit the production of
phytoplankton biomass, based on an analysis of the elemental composition of phytoplankton. The
stoichiometric relationships presented in that iconic paper are known as the Redfield Ratio and are
often applied to convert phytoplankton from one elemental currency to another. It was long
assumed that this ratio represents the optimal stoichiometry of phytoplankton. However, it is now
recognized that it represents their average stoichiometry and that different types of phytoplankton
can exhibit different ratios as can individual organisms in different phases of growth (Arrigo, 2005).
Although Redfield had identified P as being the most likely limiting nutrient, numerous subsequent
observations of the relative abundances of different inorganic nutrients, as well as nutrient
enrichment studies, repeatedly suggested that nitrogen (N) is the primary limiting nutrient for
phytoplankton biomass in the ocean (e.g., Boynton et al., 1982; Graneli, 1978; Graneli, 1984). As a
result, most textbooks even today posit that marine phytoplankton are, in general, N limited. In
some senses, this is surprising as a careful reading of the historic literature leaves room for
considerable doubt concerning this conclusion.
Ryther and Guillard (1959), for example, reported that groups of stations responded differently
from one another to enrichment treatments with different macro and micronutrient cocktails. Even
more interestingly, for some stations in the Sargasso Sea, the most dramatic effects of nutrient
addition (measured as 14C uptake) were not noted with the addition of N and P but with the addition
of iron and trace metals, so already here the seeds were sown for recognizing iron limitation.
Howarth (1988) reviewed the literature available at that time and concluded that net primary
production in many marine ecosystems is “probably limited by nitrogen” but acknowledged that
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some systems appear to be limited by P. Thus, there has never really been a strong scientific
consensus supporting the widespread assumption that N is the primary limiting nutrient for marine
phytoplankton production.
In any event, the paradigm of single nutrient limitation of marine phytoplankton has largely been
abandoned in recent years as it is now suggested that phytoplankton can be co-limited by two or
more nutrients simultaneously and that this co-limitation can occur in different forms ranging from
the individual cell to the community level (Arrigo, 2005). Moore et al. (2013) reviewed the global
distribution of limiting nutrients and concluded that, in many low latitude areas (where the
nutricline is usually found deep in the water column and there is relatively little mixing of nutrients
to the well-lit surface layer), N is often limiting. On the other hand, in areas such as the Southern
Ocean, where N and P are readily transferred from deeper waters to the surface layer, iron is often
limiting. In their review, they reported a number of studies that suggested a second nutrient (Si, Co,
Zn or vitamin B12) as potentially co-limiting. However, their collation of data showed clearly that
too few studies examining potential co-limitation by two or more nutrients have been carried out to
identify patterns in the distribution of limitation by nutrients other than N, P and iron.
Mousing et al. (2018) analyzed the relationship between ambient inorganic nutrient concentrations
and phytoplankton biomass (using chlorophyll as a proxy) and the size structure of the
phytoplankton community determined by chlorophyll fractionation. It is well known that ambient
nutrient concentrations cannot be used to assess the nutrient status of the phytoplankton in a natural
community (Goldman et al., 1979). This is because a low ambient concentration could represent a
situation where the phytoplankton have been starved for nutrients for some time and are, therefore,
nutrient limited or the opposite situation, where the phytoplankton have recently taken up a large
amount of nutrients, i.e. are nutrient replete but have stripped the surrounding waters for nutrients.
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Mousing and co-workers argue, however, that examining the statistical relationships between one or
more phytoplankton community traits (in the case of their analysis, the size structure of the
community, i.e. proportion of total chlorophyll captured on a 10 µm filter) and ambient nutrient
concentrations on a large dataset will reveal an underlying relationship between nutrients and the
traits. Indeed, some interesting patterns emerge when this approach is used to examine the average
relationships between the phytoplankton community size distribution and ambient nutrient
concentrations on the Galathea 3 dataset (Figure 3.2).
Below nitrate and phosphate concentrations of ~5 and 0.5 µg l-1 (~0.7 and 0.03 μM, respectively),
an increase in the concentration of either nutrient is associated with an increase in the fraction of
chlorophyll captured on a 10 µm filter. Nitrate and phosphate are not well correlated when
concentrations are low so this result would seem to indicate that both nutrients under certain
conditions influence phytoplankton traits. When nitrate and phosphate are low, differences in
ambient silicate concentrations do not correlate with changes in the size composition of the
community.
In contrast, in the range of values of nitrate and phosphate concentrations above ~5 and 0.5 µg l-1,
increasing the ambient nutrient concentration does not correlate with a change in biomass. This, of
course, cannot be interpreted as indicating that nutrients are not important for controlling
phytoplankton biomass at high nutrient concentrations. It could equally be the result of other factors
(e.g., grazing and light limitation) becoming relatively more important as controlling factors when
nutrients are readily available than when they are only present in low concentrations. Support for
the hypothesis that nutrient availability remains important as a controlling factor for phytoplankton
community traits even at high nutrient concentrations is found in the fact that the proportion of total
chlorophyll retained on a 10 µm filter continues to increase with increasing nitrate and phosphate
concentrations over the entire range of nutrient concentrations encountered (Figure 3.3).
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Figure 3.2. Global patterns in the distribution of phytoplankton biomass: log-log bivariate
relationship between the chlorophyll a concentration and (A) DIN and (C) phosphate.
Bivariate relationship between chlorophyll a originating from cells smaller than 10 µm (blue)
and larger than 10 µm (red) and (B) DIN and (D) phosphate. The thick lines represent
LOWESS polynomial regressions and capture general patterns in the data. The dotted line
represent nutrient concentrations of (A, B) 2 µM and (C, D) 0.2 µM, i.e. often reported as
thresholds for nutrient limitation of phytoplankton growth. The dashed line represents
nutrient concentrations of (A, B) 5 µM and (C, D) 0.5 µM. After Mousing et al. (2018).

That the size structure of the phytoplankton community correlates with changes in nutrient
concentrations over the entire range of nutrients encountered suggests that species changes are
associated with changing nutrient conditions. Interestingly, when nutrient concentrations are low,
the increasing proportion of total chlorophyll retained on a 10 µm filter results from an actual
increase in the amount of chlorophyll in this fraction (Figure 3.2). In contrast, when ambient
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nutrient concentrations are high, the average of the absolute amount of chlorophyll retained on a
10µm filter remains relatively constant.
Figure 3.3. Global pattern in phytoplankton community size structure: log-log bivariate
relationship between the fraction of large phytoplankton and (A) DIN (dissolved inorganic
nitrogen), (B) phosphate, (C) silicate, and (D) the DIN/Phosphate ratio. The thick black line
represents a LOWESS polynomial regression and captures general patterns in the data. The
dotted line represent nutrient concentrations of (A, C) 2 µM and (B) 0.2 µM, i.e. often
considered to be thresholds for limitation of phytoplankton growth. The dashed line
represents nutrient concentrations of (A, C) 5 µM (B) and 0.5 µM. The black line in (D)
represents the Redfield ratio (DIN/P = 16). After Mousing et al. (2018).

Thus, the increasing proportion of large to small cells in the community when ambient nutrient
concentrations are high appears to be due to a decrease in the amount of chlorophyll associated with
the part of the phytoplankton community that passes through a 10 µm filter. Mousing et al.’s
statistical study suggests then that phytoplankton community structure and, at least at low ambient
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nutrient concentrations, production are controlled by nutrient availability – although it appears that
different nutrients can operate alone or in combination with others in eliciting this control.
No consideration of the role of nutrient availability in the ocean in controlling phytoplankton
biomass would be complete without reminding ourselves that prokaryotic phytoplankton can,
themselves, impact N availability in the ocean through diazotrophy (see Chapter 2). Nitrogen is a
critical element for plant growth. It is abundant in the atmosphere but in a form not immediately
usable by most plants. In natural systems, i.e. before humans developed the capacity to chemically
fix nitrogen from the atmosphere via the Haber-Bosch process, it was essentially only through the
biological fixation of nitrogen that reactive N was made available for the biosphere (today, human
activities fix more N than all natural terrestrial N fixation combined!). Currently, it is believed that
that biological fixation of N in the ocean may be as high as 100-200 Tg N yr-1 (Karl et al., 2002),
i.e. similar or in excess of the terrestrial biological fixation of nitrogen (Arrigo, 2005). While this
estimate of ocean nitrogen fixation is still very uncertain, it does seem clear that N fixation is
considerably greater than has generally been assumed (Arrigo, 2005). Even on small time scales,
the rate of nitrogen fixation appears to relate to climatic conditions (Karl et al., 1997) at the local
level. Therefore, it has been suggested that changes through geological time in the global rate of
nitrogen fixation, possibly mediated by iron availability, may have been responsible for large
fluctuations in the ability of the ocean to take up and sequester atmospheric CO2 and, thereby,
significantly impact the global carbon cycle (Falkowski, 1997).
Thus, the interaction of phytoplankton-mediated processes on global element cycling cannot be
considered to be in steady state. Changes in ocean nutrient availability can alter the magnitude of
phytoplankton photosynthesis and biomass production, as well as phytoplankton community
composition and these changes, in turn, can and do impact ocean conditions and processes in the
Earth System at large. Such phytoplankton-environment interactions are, at present, not well
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constrained and, therefore, generally not included in models projecting future performance of global
element cycles and their interactions with, for example, climate.
3.4. Seasonal and spatial distributions of phytoplankton in temperate regions
We can use the general understanding of phytoplankton biomass control by light and nutrients to
explain observed seasonal patterns of phytoplankton biomass at various latitudes. At this point, it is
important to remind ourselves that, until now, it has primarily been factors controlling the
production of biomass that have been considered. The relative rate of biomass production is not
necessarily reflected in the absolute accumulation of biomass at a given location as accumulation is
a function not only of the phytoplankton input factors (i.e., production and advection) but also of
the loss factors (i.e., grazing, sinking and horizontal advection). The relative importance of input
and loss factors is not constant through time and space. Thus, attempting to understand and describe
phytoplankton production patterns and their importance for ecosystem function only on the basis of
standing stock can lead to flawed interpretations.
Spring bloom
Nowhere is this more obvious than with respect to the spring bloom occurring in temperate latitudes
(Figure 3.1). In terms of phytoplankton standing stock, it is clearly the most dominant signal in
surface temperate waters over an annual cycle. As a result, it is among the best studied phenomena
in phytoplankton ecology and has been referred to as being “the most important event in the trophic
calendar of the pelagic systems” (Platt and Sathyendranath, 2008). Lyngsgaard et al. (2014)
demonstrated, however, using a unique monitoring data set covering 14 years and including over
1200 primary production measurements made at 6 different localities, that peak values of water
column primary production actually occurred in mid-summer (August) and not in connection with
the spring bloom (Figure 3.4).
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In this case, two factors appeared to exaggerate the importance of the spring bloom in the yearly
production cycle: 1) seasonal fluctuation in the C/Chl ratio (see Chapter 2) and much greater
grazing losses on the phytoplankton biomass during summer months compared to the period of the
spring bloom. Lyngsgaard et al. (2017) found that while 16-30% of the chlorophyll recorded
annually in the surface waters was associated with the spring bloom period, only 8-23 % of the
primary production was recorded during the spring months. Thus, the common practice – also in
ecosystem modelling – of employing chlorophyll concentration as a proxy to describe
phytoplankton production can lead to misleading results. Although not based on such an extensive
dataset, other studies (e.g. Morán and Scharek, 2015) have also reported a striking mis-match
between water column primary production in temperate waters and the chlorophyll standing stock.
The timing of the spring bloom warrants particular consideration here as it often is invoked in
connection with the “match-mismatch” hypothesis where it is assumed that the recruitment success
of a given population will be related to the availability of nutritional resources at the time in which
the energy demands of the population are greatest. This phenological approach implies that the
success of the zooplankton population may be related to the state of the spring bloom at the time in
which they emerge from their overwintering stages.
The match-mismatch hypothesis was originally developed in fisheries biology (Cushing, 1969) as it
was noted that spawning of a number of fish species is relatively constant in time. Cushing reasoned
that the timing of the spring outburst (bloom) of the relevant plankton prey (in the original
considerations, zooplankton) relative to the larval appearance might be important for larval survival
and, ultimately, recruitment to the adult population. Thus, Cushing’s original hypothesis was
formed primarily with the zooplankton-fish larvae nexus in mind.
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Figure 3.4. Monthly averages of total water column primary production (open circles) at 6
different stations in the transition waters between the Skagerrak and Baltic during the period
1998 -2012 (From Lyngsgaard et al., 2014). The closed circles represent the proportion of
water column production occurring below the surface layer of the water column (see Chapter
4). Reprinted with permission from John Wiley & Sons.

The hypothesis has since, however, been applied much more broadly in both marine and terrestrial
ecology (Durant et al., 2007) and is now also assumed to include the relationship between the
primary (phytoplankton) and secondary (zooplankton) trophic levels in planktonic ecosystems
(Edwards and Richardson, 2004; Ji et al., 2010; Thackeray, 2012). Furthermore, among possible
ecological effects of climate change, the possibility of the development of a “mismatch” between
biomass availability and predation demand between adjacent trophic levels is often postulated (e.g.,
Durant et al., 2007; Edwards and Richardson, 2004). While there appears to be good evidence for
match-mismatch between the abundance of resources in neighboring trophic levels being important
for the function of some ecosystems (Durant et al., 2007), the evidence for match-mismatch where
the spring phytoplankton bloom is playing an important role for zooplankton success remains
largely theoretical.
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Thackeray (2012) suggested that there might be several reasons for this. Firstly, most of the cases in
which match-mismatch of phenological events in neighboring trophic levels have been
demonstrated are between individual species (often bird and insect, see Durant et al., 2007) and a
specific event in the lower trophic level, rather than for entire populations as is the case when
considering the phytoplankton-zooplankton nexus. In addition, the abundance of zooplankton, itself,
potentially influences the abundance of phytoplankton. Thus, the peak abundance of the
phytoplankton will be a function of zooplankton grazing pressure. This two-way interaction
between trophic levels is normally not the case where convincing examples of match-mismatch
have been reported. Finally, as Thackeray (2012) points out, match-mismatch assumes a linearity in
the food web (obligate dependence on the lower trophic level in question). Marine food webs are
complex and many zooplankton are selective feeders and/or only able to feed on prey within
specific size ranges. Thus, the composition of the spring bloom may be more important than the
timing of its occurrence for some zooplankton species. The conclusion must be that if matchmismatch between phytoplankton and zooplankton is important for the state or functioning of
pelagic ecosystems, then it will only be demonstrated through studies carried out at the species
level.
For the North Atlantic, one of the zooplankton species for which we are interested in considering
whether climate change might impact its abundance is the calanoid copepod, Calanus finmarchicus.
This species is arguably the most important, at least in a commercial sense, mesozooplankter in the
North Atlantic as its abundance has been related to the recruitment of cod (Beaugrand et al., 2003).
C. finmarchicus thrives over the continental shelf during summer months but its life cycle includes
a period of winter “diapause” deep in the water column off the continental shelf. It is unknown what
triggers both entry into and exit from diapause. However, the timing of diapause start tends to be
more variable than the exit from diapause and the variability in timing of the ending of diapause
seems greater in the western North Atlantic than in the eastern (Melle et al., 2014). Thus, the timing
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of the emergence from diapause varies from location to location, but remains relatively constant at
each location.
The same cannot be said of the spring bloom in the North Atlantic. From satellite observations as
well as modeling exercises, its timing can be shown to vary inter-annually (Henson et al., 2009;
Townsend et al., 1994) and, as we saw above, in some areas it likely initiates in association with
localized hydrographic features, the geographic positions of which are not fixed. Intuitively, it
seems unlikely that natural selection would favor a survival strategy which relies on this
zooplankter emerging from diapause at exactly the time as such an ephemeral event as the
occurrence of the spring bloom.
The cartoon of phytoplankton biomass over the period of the year following the spring bloom
presented in Figure 3.1 depicts low values during the summer months and a small peak again during
the autumn. This pattern, at least in part, reflects the generalized situation where limited nutrient
availability in the surface layer of seasonally stratified waters exerts bottom-up control on the
phytoplankton biomass. However, zooplankton activity and reproduction is very strongly
temperature dependent. Thus, zooplankton grazing also peaks during the late summer (e.g. Kiørboe
and Nielsen, 1994). This means that the low phytoplankton biomass recorded in surface waters of
seasonally stratified waters during summer months may also in part be due to a stronger top-down
control of phytoplankton biomass at this time than at the time of the spring bloom (e.g.,
Lyngsgaard et al., 2017). Generally, however, phytoplankton biomass peaks in the spring and fall
represent transition periods during which the system moves from one hydrographic state to another
(mixed or weakly stratified to strongly stratified and vice versa), i.e. disruptions in “mature”
systems sensu Margalef, 1963. Thus, the occurrence of phytoplankton biomass peaks at these times
is completely consistent with Margalef’s understanding of ecosystem structure.
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These transition periods can be considered as being analogues of fronts, i.e. interfaces between
different water masses or hydrographic regimes. What is especially important to note in this context
is that this stylized depiction of the seasonal development in phytoplankton biomass in temperate
waters was developed based on analyses of data collected in surface waters of seasonally stratified
seas. Furthermore, Cushing (1959) developed this cartoon prior to the development of the capability
to routinely obtain vertical profiles of chlorophyll distribution and at a time when it was believed
that any accumulation of phytoplankton below the surface represented sinking dead cells (see
Chapter 1). Thus, he had no way of recognizing the fatal flaw in attempting to describe seasonal
patterns only with the help of surface data; i.e., that the vertical distribution of phytoplankton
biomass and activity also demonstrate seasonal patterns (see Chapter 4).
Non-seasonally stratified temperate waters
Richardson et al. (1985) examined the seasonal development of chlorophyll in surface waters on a
transect in the western Irish Sea (Figure 3.5) that traversed a region that was consistently stratified
during the summer months as well as a region which remained mixed owing to local hydrographic
conditions. Their analysis showed, indeed, that surface chlorophyll distributions in the part of the
transect experiencing seasonal stratification resembled those described by Cushing (1959),
i.e.Figure 3.1. In the region characterized by having a mixed water column, on the other hand,
chlorophyll concentrations appeared to peak in June and then declined over the rest of the summer.
The cause of this decline was not determined. In that study, however, the summer solstice occurs in
late June so light would be decreasing from this period onwards. Furthermore, as noted above,
zooplankton grazing pressure would be expected to increase as water temperatures warmed through
the summer.
In the frontal zone separating the two regions, the signal was noisy. The values of chlorophyll
encountered were often – but not always – higher than those recorded in the two adjoining regions.
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What was, perhaps, most interesting about these observations, however, was that fact that the
surface waters in the frontal zone did not show blooms on every crossing. A few years prior to this
study, a relatively straightforward model for identifying the location of such fronts in shelf seas had
been presented (Simpson and Hunter, 1974). This new tool gave biologists the opportunity to
analyze their results in relation to yet another parameter and numerous studies were popping up in
the literature describing increased biological activity in frontal zones. This resulted in the general
belief at the time that such fronts are always associated with increased phytoplankton production
and biomass. There is, however, a problem of publication bias here, as it is relatively straight
forward to publish a study in which higher activity or biomass distribution is recorded in frontal
zones but much harder when no such effect has been noted.
Even today, possibly as a result of this positive publication bias, a survey of the literature leaves an
impression that fronts consistently are sites of higher plankton biomass. There can be no doubt that
frontal zones are important for phytoplankton production but while they are common, surface
phytoplankton blooms at fronts are not a consistent feature of frontal systems. Recognizing this fact
may actually be a help in elucidated the processes that occur at fronts and how they may be
important for generating phytoplankton blooms.
In some frontal systems, neap-spring tidal adjustment may lead to pulsed nutrient delivery to the
frontal region (Richardson et al., 2000; Sharples, 2008), thus leading to sporadic blooms. These
blooms are usually identified from chlorophyll concentrations and/or the distribution of total
primary production.
It should be remembered, however, that it is only “new” production (sensu Dugdale and Goering,
1967; see Chapter 1), i.e. that which is based on allochthonous nutrients that can lead to an increase
in organic material in the system as a whole. Thus, it is new production that is most important for
food webs and for the production of carbon that can be exported from surface to deeper waters. The
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percentage of new to total PP is often depicted as the f-ratio (Eppley and Pedersen, 1979; see
Chapter 1).
Figure 3.5. Mean chlorophyll concentration (µg chl l-1) in surface and integrated water
column (upper 30 m) across a transect in the western Irish Sea in stratified in stratified,
frontal and mixed water column regimes. Data were collected over the entire season in 1981,
in July, 1980 and April-May, 1982. After Richardson et al. (1985).

Bendtsen and Richardson (2018) argued based on nutrient determinations and turbulence
measurements that stations exhibiting relatively high f-ratios are found during summer along the
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shelf edge, i.e., depths of ~80-100 m (Figure 3.6). Although the sampling was carried out in August,
these workers suggested that this could be the case during the entire period of summer stratification.
No signal in surface chlorophyll concentration was associated with these localized “hot spots” of
new production and turbulence measurements suggested that they resulted from vertical mixing of
nutrients to the bottom of the euphotic zone.
Thus, the physical processes and mechanism(s) leading to frontal bloom development are many.
Different processes will dominate under different conditions. Understanding the response of
phytoplankton to the physical processes playing out when different water masses meet continues to
be a focus in both physical and biological oceanography. The recognition that some fronts may be
“hot spots” in terms of transport of heat and climate gases from surface to deep waters of the ocean
and, thus, may play an important role with respect to climate development (Ferrari, 2011) gives
added urgency to the study of frontal processes.
The general picture that emerges then for temperate regions is that phytoplankton blooms occur
wherever and whenever nutrient and light conditions are sufficient to support them and that local
physical conditions can – at any time of the year – create conditions suitable for phytoplankton to
bloom. Such processes undoubtedly explain the patchy distribution seen from space of
phytoplankton distributions and deviations from the generalized patterns in seasonal distributions
described by Cushing (Figure 3.1).8 Oceanographers are busily trying to identify physical processes
at frontal regions that can explain the generation of phytoplankton bloom conditions in today’s and
tomorrow’s ocean.

8

It is, of course, not only frontal activity that can serve to increase the water volume conducive to algal blooms.

Climate phenomena (ENSO, NAO, etc.), for example, through their impact on currents, heat input, etc. can also
change the location and magnitude of bloom conditions, although, again these interactions are usually not well
understood.
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Figure 3.6. (A) Vertically integrated chlorophyll a (mg chl a m-2) and (B) primary production
(mgC m-2 d-1). Values are proportional to the diameter of the circles. (C) Distribution of
maximum nitrate flux to the euphotic zone (FNO3 , mmol N m-2 d-1) and (D) f ratios for the
euphotic zone (colours, no unit). From Bendtsen and Richardson, 2018.

3.5. Seasonal distribution of phytoplankton biomass at polar and tropical latitudes
For Arctic waters, Cushing’s stylized scenario (Figure 3.1) of seasonal biomass distribution takes as
its starting point the fact that light availability is likely the most limiting resource for phytoplankton
bloom development. This presumed seasonal development again suffers from the weakness that
only surface data were used in its creation. Nevertheless, its depiction of the seasonal cycle in
primary production appears to reflect that actually occurring in open waters, as annual primary
production here does, indeed seem to largely be controlled by light availability (Richardson et al.,
2005). Numerous studies (see Chapter 4) have now shown that - as in stratified temperate regions –
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the biomass of phytoplankton in the open surface waters of the Artic seas peaks in the early part of
the production season and then declines during the summer when subsurface phytoplankton peaks
develop. Such studies furthermore indicate that these subsurface peaks can contribute substantially
to water column production, resulting in the seasonal primary production pattern described by
Richardson et al. (2005).
A multi-year time series of SeaWIFS data on ocean color (Comiso 2010) indicates distinct
seasonality in the distribution of phytoplankton in surface waters at both poles but, at both, blooms
are most intense near the coasts or ice edge. In the Arctic, patterns differ for Atlantic and Pacific
waters and the timing of the spring bloom becomes later moving northward. Thus, on the Pacific
side, the spring bloom reaches its maximum in April-May, while on the Atlantic side, it starts in
April and peaks in May with high values extending into June. In the central Arctic Basin, the bloom
peaks in August. Also in the southern hemisphere, summer chlorophyll concentrations are highest
in coastal waters and along the ice edge but, here, the frontal signature of the Antarctic
Convergence is conspicuous in the surface chlorophyll distributions.
As these satellite images show, a consistent feature at polar latitudes in general is phytoplankton
blooms along the ice edge, where it is commonly assumed that the melting ice creates shallow
density stratification which relieves light limitation of the phytoplankton (Mitchell and HolmHansen, 1991; Richardson et al., 2005). These ice edge blooms occur throughout the production
season and they are often dominated by diatoms (Richardson et al., 2005 and our unpublished data
from the east Greenland coast, 2012). As the amount and distribution of ice changes in response to
climate change, this will change the position of these blooms and, presumably, have consequences
for local food webs and the location of the sinking of organic material to deeper waters.
Tropical regions represent the other extreme where the default condition in surface waters is
nutrient limitation of phytoplankton production throughout the year. This led Cushing to depict the
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seasonal trend in surface chlorophyll as being nearly flat (Figure 3.1). In fact, large blooms of
nitrogen fixing cyanobacteria of the genus Trichodesmium occur periodically in tropical areas,
especially in western boundary currents such as the Gulf Stream and Kuroshio (Capone et al.,
1997). Thus, surface blooms do occur (and can be quantitatively important in introducing new N
into the plankton ecosystem). In addition, intense storms can break down stratification and deliver
nutrients to the surface layer leading to blooms (McGillicuddy et al., 2007; Merritt-Takeuchi and
Chiao, 2013). Finally, some fronts in tropical regions draw nutrients from deep waters into the
surface layer (Lévy et al., 2001; Mahadevan and Archer, 2000; Mahadevan and Tandon, 2006).
3.6. From phytoplankton abundance to understanding patterns in species and diversity distributions
We see, then, that although it is not yet at a level that allows prediction of where and when
phytoplankton blooms will occur, our basic understanding of the factors influencing the distribution
of chlorophyll in surface waters is becoming quite sophisticated. Alas, the same cannot be said of
our understanding of the factors influencing species distributions and phytoplankton community
diversity in time and space.
Basically, our understanding of species succession can be summed up as follows: For the taxonomic
or functional groups with characteristics that can be detected using satellite mounted sensors, the
relative proportions of different groups in different months over the year can be depicted (Figure
3.7). It may be surprising to many readers coming from temperate latitudes, that this figure indicates
diatoms to be globally most abundant in December and January. This is due to the fact that these
months coincide with the austral spring and the most massive diatom blooms on Earth take place in
the Southern Ocean. More than 2/3 of the total silica burial in the global ocean takes place just
south of the Polar Front at the boundary of the Southern Ocean (Falkowski et al., 1998).
In regions showing seasonal succession, i.e. temperate and polar seas, the seasonal development in
the abundance of different groups throughout the year is also fairly well described. In temperate
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regions, this means diatoms are associated with the spring bloom. These are followed by smaller
flagellated species and, during late summer, large dinoflagellates are common. These succession
patterns are suggested to be explained in terms of strategies for surviving in different degrees of
turbulence and/or nutrient availability (e.g., Kiørboe, 1993; Margalef, 1978).
Some species are regular components of the phytoplankton in a given location and time of year, i.e.
spring bloom. Others are only occasional members of the community. Often, some of the regular
constituents of the community have life cycles that include resting spores or cysts and may
therefore remain in the locality between blooms. This is notably the case for the Alexandrium group
of dinoflagellates that are associated with paralytic shellfish poisoning (PSP) and are common, for
example, along the north-eastern US coastline (e.g. Anderson, D.M. 1998).
Figure 3.7. Mean seasonal evolution (1998-2006) for the relative contribution of each
phytoplankton group to the mean chlorophyll a concentration for the global ocean. Nano =
nanoeukaryotes, Prochl. = Prochlorococcus, SLC = Synecococcus, Phaeo. = Phaeocystis-like
organisms. After Alvain et al. (2008).
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Laboratory studies have demonstrated that different phytoplankton species exhibit different ranges
of tolerance to environmental conditions (e.g., light intensity, temperature, and salinity). Some
species also have obligate requirements for specific nutrients (Si, specific vitamins, etc.) or low
tolerance for some substances (e.g., metals). Different species also show the ability to utilize
alternative nutritional strategies (i.e. mixotrophy, see Chapter 2) or nutrient sources, i.e. organic
nitrogen compounds rather than inorganic. Thus, we assume that each individual species has its own
specific “fingerprint” of conditions in which it can survive but we are still a very long way from
understanding how and why different species occur where and when they do.
Rather than attempting to understand and predict community composition at the species level, a
number of workers are currently focusing on understanding phytoplankton community diversity by
grouping species in terms of the functional traits they express. The historical roots for this “traitbased” modeling (Litchman and Klausmeier, 2008) can be traced back to the works of Margalef
(1978) and others who attempted to understand phytoplankton species succession in terms of the
characteristics expressed by the organisms. Trying to understand and model phytoplankton
distributions and community structure in terms of functional traits reduces the enormous complexity
of the phytoplankton community to a manageable size and offers the promise of increasing our
understanding of the patterns in diversity found in these organisms under natural conditions.
Nevertheless, we need always to remind ourselves that the explanatory power of trait-based
modeling is critically linked to the choice of traits included in the models. Often, the traits used are
chosen simply because they are those for which we have data - a criterion that does not guarantee
that the trait is of ecological significance.
Diversity of phytoplankton is, of course, not only studied in laboratory models but also in the field.
Thanks to the advent of molecular techniques, we are now able to search for global biogeographic
patterns in marine plankton distributions (e.g., Foissner 2006; Casteleyn et al., 2010; Hanson et al.,
2012; de Vargas et al., 2015; Sunagawa et al., 2016, Guidi et al., 2016). Such methods make
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possible detailed mapping of phytoplankton distributions at small geographic scales and allow the
identification of some of the factors influencing community differences.
Mousing et al. (2016), for example, examined the phytoplankton community composition in
relation to a pre-spring bloom front identified by Mahadevan et al., 2012 in the North Atlantic. This
front delineated a patch of surface water with slightly (0.03) higher salinity than in the surrounding
waters. Mousing et al. (2016) documented that this presumably short-lived (days – weeks) front
had profound implications for the diversity of the phytoplankton in this region in that they found
very different communities on either side of the front (Figure 3.8). Furthermore, they showed that
beta-diversity within the patch correlated with time, i.e., an indication that the population found in
the patch was evolving from a common initial population.
Outside of the patch, no correlation with time was found. Thus, the phytoplankton communities at
these stations could not be linked to one another (Figure 3.9). Mousing et al. (2016) concluded that
the ephemeral sub-mesoscale front encountered here prior to the onset of the general spring bloom
potentially influenced phytoplankton diversity in two ways: 1) through niche separation where
environmental conditions, including the depth of the mixed layer, differed on either side of the front
and 2) by serving as a barrier for dispersal such that species did not spread from one side of the
front to the other.
These results are potentially very important for our understanding of phytoplankton biogeography.
It has long been recognized that permanent or semi-permanent oceanographic features can delineate
regions hosting different phytoplankton communities (e.g., Claustre et al., 1994; d’Ovidio et al.,
2010; Clayton et al., 2013; 2014; Lévy et al., 2014). Until now, however, a role for these ephemeral
sub-mesoscale frontal features in shaping phytoplankton diversity has not been recognized. Such
fronts are ubiquitous in the world’s oceans and occur throughout the year. They often have very
short lifetimes (days to weeks) but phytoplankton growth rates are fast (doubling times often on the
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order of a day or less). Given this short generation time, isolation of a community through even
such relatively short-lived phenomena could be important for establishing and maintaining genetic
diversity in phytoplankton species and communities.
Figure 3.8. Vertical and horizontal patterns in salinity: (A) Clustering of the salinity-depth
profiles showing the primary regional groups as high salinity (light red) and low salinity (light
blue). (B) Average salinity-depth profiles (bold) and standard deviations (dashed) for the two
regions. The black line represents salinity = 35.245. (C) Interpolated surface salinity (10-30 m)
and position of sampling stations with (circles) and without (triangles) taxonomic information.
From Mousing et al. (2016). Reprinted with permission from John Wiley & Sons.
A

B

C

Such sub-mesoscale fronts might also be important for maintaining seed populations in the case, for
example, of the spring bloom. The large diatoms that typically dominate the phytoplankton
community under the spring bloom appear largely to be absent during the winter months in the
surface layer phytoplankton community. Where the organisms that seed the spring bloom
136

community actually come from has, therefore, long been a topic of speculation. A prevalent theory
has been that there is a reservoir of these large diatom cells in the deep water (as they are immobile
and sink readily) and, thus, that deep water convection can serve as a vector for delivering these
large cells to the surface, where they can seed the spring bloom (Backhaus et al., 2003; D’Asaro
2008).
Figure 3.9. Bivariate plots of beta-diversity vs. (A,C) temperature dissimilarity and (B,D)
temporal distance for the (A,B) high salinity and (C,D) low salinity regions. From Mousing et
al. (2016). Reprinted with permission from John Wiley & Sons.
A

B

C

D

Mousing et al.’s (2016) observation of large diatom species typical of spring bloom communities in
surface waters prior to the onset of the regional spring bloom in association with this sub-mesoscale
front raises, however, the interesting possibility that such sub-mesoscale features may serve to
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retain patches of large diatom species in the surface layer of the ocean during the winter months. To
test this hypothesis, it might be interesting to examine the optical characteristics (Cetinić et al,
2015) of the winter phytoplankton blooms recorded in the satellite data reported by Behrenfeld
(2010) for indications of large diatoms.
The Mousing et al. (2016) study suggests that subtle geographic differences in hydrographic
conditions can influence phytoplankton community diversity and, ultimately, the establishment and
maintenance of genetic diversity in plankton communities. Of course, temperature and salinity are
not the only hydrographic features that may potentially influence phytoplankton diversity.
Unpublished analyses using the same dataset used in Mousing et al. (2016) show that the total
phytoplankton biomass was directly correlated with the biomass of diatoms as well as with the
dominant diatoms in the community, Chaetoceros spp. within the high salinity water patch.
However, the abundance of the Chaetoceros spp. varied from day to day and as a percentage of
total diatom biomass. (Figure 3.10).
Both the absolute biomass of the Chaetoceros and the day-to-day changes in Chaetoceros biomass
in the surface samples correlated with the estimated wind-induced turbulence (Figure 3.11). The
correlation was stronger for the surface (5 or 10 m) samples than at 30 m. Correlation does not, of
course, demonstrate cause and effect. However, turbulence is well known to influence contact rate
between plankton particles and many diatom species are “sticky” and can aggregate when they
come in contact with one another (e.g. Kiørboe, 1993). A possible explanation, therefore, for the
correlation between between Chaetoceros abundance and wind-induced turbulence might be that
the turbulence caused by wind mixing caused the cells to form aggregates which sank quickly out of
the upper layer of the water column where the turbulence was greatest. On the basis of these
observations alone, we cannot test this hypothesis. However, the example does serve to remind us
of the importance of scale when searching for macroecological relationships between biological and
environmental variables.
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Figure 3.10. Bi-plots of (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). All regression slopes
(straight lines) were significantly different from zero (p<0.001). (Richardson and Mousing,
unpublished data)

Temperature, salinity, and inorganic nutrient concentrations are routinely measured and are,
therefore, often used as the environmental baselines to which the distribution of biological variables
can be related. In fact, these variables will never be able to describe the subtle differences in the
microenvironments that the tiny phytoplankton experience. Much more attention will need to be
focused towards describing marine environments at the scales phytoplankton actually experience if
we ever are to discern and document macroecological patterns that can be used to explain the
distribution of phytoplankton at the species level.
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Figure 3.11. Bi-plots in the surface (5-10 m depths; A, B) and subsurface (30 m depth; C, D) of
Chaetoceros carbon biomass vs. turbulence (A, C) and the change in Chaetoceros biomass
since the previous sampling day (B, D).9 Upper two panels are for surface samples and lower
for 30 m. (Richardson and Mousing, unpublished data).

9

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) and
6-hourly wind and air temperature data from the period 1 st April to 1st of June, 2008 were used. The CTD-stations
included in the turbulence analysis were located in an area of about 100x100 km2, i.e. comparable to the horizontal
resolution in the meteorological data set and, therefore, the meteorological data were interpolated onto a location in
the center of the stations (26.219 ºW, 61.1481 ºN) and this position was assumed to represent the meteorological
conditions in the area. The wind-work (Ea) was calculated from the wind-induced surface stress (τa), calculated from
10 m surface winds and the wind speed at 10 m height (U 10): Ea = τa U10.The column-integrated turbulent dissipation
(εint) was estimated as a constant fraction of the wind work: ε int = γ Ea, and = 0.05
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3.7. Chapter 3: Summary
This chapter has focused on the sub-global processes that lead to the observed global patterns in the
surface distributions of phytoplankton and their activity described in Chapter 2 and has identified
the interaction between phytoplankton and their physical environment as being the overriding
controlling factor in establishing these distributions at all levels. When and wherever nutrients and
light are coincident, a response in phytoplankton can be recorded as an increase in chlorophyll
concentration and/or photosynthesis (primary production) relative to surrounding waters exhibiting
a lesser abundance of these resources. Furthermore, the physical processes leading to the
establishment of different combinations of light and nutrients in the ocean ultimately lead also to
differences in phytoplankton species and community composition.
This should not, of course, surprise us when we recognize that the biosphere of the Earth has coevolved with the changing inputs of external energy from the sun, i.e., the physical driver of the
climate system. It is this co-evolution of biosphere and climate that has governed the state of the
Earth System at any given time in its history (see Steffen et al., 2015). The global ocean can in
many respects be considered as an analogue of the Earth System. It is the interaction between the
ocean biosphere (of which phytoplankton are a part) and different energy conditions that determine
the state of the ocean system and how it contributes to and interacts with the other components of
the Earth System at any given point in time. Phytoplankton have evolved in an ocean in which these
different physical conditions prevail and evolution has provided them with mechanisms to survive
and/or exploit them. In order to completely describe the role of phytoplankton in the Earth System
and to be able to predict how changes in phytoplankton diversity and activity will influence the
Earth System of the future, a better understanding of the interactions between the ocean biosphere
and oceanographic processes is, thus, a prerequisite.
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With this chapter, the following peer-reviewed papers by the author and co-workers are appended
for evaluation:
Lyngsgaard, M.M., Markager, S., Richardson, K., Møller, E. F. and Jakobsen, H-H. (2017).
How well does chlorophyll, as a proxy for biomass, explain the seasonal variation in
phytoplankton activity? Estuaries and Coasts, 40 (5), 1263–1275 doi: 10.1007/s12237-0170215-4.
Mousing, E.A., Richardson, K., Ellegaard, M. (2018). Global patterns in phytoplankton
biomass and community size structure in relation to macronutrients in the open ocean.
Limnology and Oceanography, 63 (3), 1298-1312 doi:10.1002/lno.10772.
Bendtsen, J and Richardson, K. (2018). Turbulence measurements suggest high rates of new
production over the shelf edge in the northeastern North Sea during summer.
Biogeosciences 15 (23): 7315-7332. doi.org/10.5194/bg-15-7315-2018.
Mousing, E.A., Richardson, K., Bendtsen, J., Cetinić, I. and Perry, M. J. (2016). Evidence of
small scale spatial structuring of phytoplankton alpha- and beta-diversity in the open
ocean. Journal of Ecology, 104 (6), 1682-1695 doi:10.1111/1365-2745.12634.
Light, of course, is not only available at the immediate surface of the ocean and nutrients are often
most abundant in the deeper regions of the water column than at the surface. Recognizing that
phytoplankton primary production will be influenced by the coincidence of light and nutrients
implicitly implies that an important contribution to global ocean primary production may be coming
from below surface waters. The next chapter, therefore, focuses on what we know about the vertical
distribution of phytoplankton and primary production.
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Chapter 4: Phytoplankton below the surface layer
In this chapter, the focus is on phytoplankton distribution and photosynthesis occurring
below the surface layer. Three of the author’s recent papers are presented for
evaluation. One uses monitoring data from the Kattegat to argue that the photosynthesis
(primary production, PP) occurring below the pycnocline is quantitatively important for
the oxygen conditions in the lower part of the water column based on the observation
that oxygen concentrations in this layer correlate with the amount of PP occurring
here. This paper also demonstrates differences in the phytoplankton community size
distributions between surface and pycnocline waters during a three-week study in the
summer stratified period. The last two papers report studies carried out in the Sargasso
Sea. This region is particularly interesting because the water column is permanently
stratified. Many Earth System models predict that ocean PP will decrease in response
to climate change due to an increase in the intensity of thermal stratification. Therefore,
a better understanding of how PP relates to stratification is necessary for predicting
how the warming of the surface ocean in response to climate change may influence
global ocean PP. The first of these papers identifies a localized region where
phytoplankton in the deep chlorophyll maximum (DCM) are relieved of nutrient
limitation by vertical mixing deep in the water column that can deliver nutrients to the
DCM. The second paper further investigates this phenomenon using data collected on
post-Galathea cruise. A model for PP occurring in the region is developed and
presented. This model suggests that the PP occurring at the DCM is quantitatively
important for oxygenation of this ocean region. It, furthermore, suggests that changes in
the intensity of thermal stratification are unlikely to influence total PP. Instead, the
model suggests that both the depth of the nutricline and the community’s species
composition may influence PP in the region.
As noted in the last chapter, phytoplankton photosynthesis in the water column as a whole will
always be light limited. This, and the relative ease of observing phytoplankton in surface waters,
has led to limited historical focus on how phytoplankton are distributed below the comparatively
well-lit waters of the immediate surface layer and the potential ecological role of any “sub-surface”
phytoplankton. The occurrence of sub-surface chlorophyll peaks is, however, ubiquitous in the
world’s oceans. In this study, the term “deep chlorophyll maximum” (DCM) is used to refer to any
case in which the highest concentration of chlorophyll encountered in the water column is found
below the immediate surface waters. This definition, therefore, includes the category of sub-surface
phytoplankton accumulations sometimes referred to as “thin phytoplankton layers” and defined as
phytoplankton accumulations that extend only over up to a few meters and where gradients in
phytoplankton concentration are large (Dekshenieks et al., 2001; Durham and Stocker, 2012).
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In Chapter 1, we saw that when DCMs were first encountered, they were believed to be the result of
sinking of moribund phytoplankton. It is now realized that several different biotic and abiotic
mechanisms can lead to the formation of DCMs (Cullen, 1982; 2015). Durham and Stocker (2012)
identify six different processes that can lead to the formation of thin phytoplankton layers. These
are depicted in Figure 4.1:
Figure 4.1 Six different processes that can lead to the development of thin phytoplankton
layers in the water column. See text for explanation of the different panels (Figure 2 in
Durham and Stocker, 2012 reprinted with permission from Annual Reviews).

A) “straining”, whereby difference in horizontal velocities over depth can lead to the distribution of
a vertical accumulation of phytoplankton “tilting” and becoming a thin layer; B) “Gyrotactic
trapping” whereby motile phytoplankton moving vertically in the water column accumulate in a
depth region with increased vertical shear that impedes their vertical progress; (C) active swimming
by motile phytoplankton so that they converge in a specific depth region; D) In situ growth; E)
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Accumulation of sinking cells at a depth where they are neutrally buoyant and F) where a water
mass containing a higher concentration of phytoplankton than surrounding water masses is intruded
as a layer lying between the surface and deeper waters.
DCMs can be comprised both of active and inactive cells. In the context of this thesis, however, it is
DCMs comprised of actively photosynthesizing phytoplankton that are in focus. DCMs are often
located at or near the nutricline. Therefore, their position is often interpreted as representing
conditions that maximize access to both light and nutrients in the water column (e.g., Klausmeier
and Litchman, 2001; Cullen, 2015). It has, however, been noted that DCMs can also lie at the
nutricline. Richardson and Bendtsen (2019, presented for evaluation with Chapter 5) have
developed a simple model that mathematically demonstrates how the interaction of light and
nutrient availability can explain the deviation of DCM from nutricline depth when the nutricline lies
deep in the water column.
Several lines of logic suggest that DCM phytoplankton populations may be of importance in an
ecological and Earth System context: Firstly, distinct sub-surface maxima of chlorophyll (but not
necessarily biomass given that the Chl/C ratio of phytoplankton can vary as a function of light, see
Chapter 2) occur regularly in essentially all habitats where water column stratification occurs. The
probability that these ubiquitous features should occur by chance and that natural selection would
not in some way incorporate them in ecosystem function seems remote. Secondly, observations of
terrestrial plant communities convince us that plant communities in 3-dimensional space will
organize themselves such that the species most tolerant of high light intensities will be at the top of
the canopy with the less light tolerating species below.
It has generally been assumed that hydrographic conditions will usually keep the upper layers of the
water column mixed and that there, as a result, will be little vertical diversity in the species
represented in the phytoplankton community – at least within the different layers of the water
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column. As discussed in Chapter 3, however, hydrographic phenomena can lead to stratification of
the water column at various scales and, thus, potentially create a variety of light habitats for
phytoplankton to exploit.
Richardson et al. (1983) conducted a meta-analysis of published data on the light intensity at which
maximum growth rates of phytoplankton were achieved in laboratory studies. When the results for
the individual species were compiled according to taxonomic group, a distinct pattern emerged
(Figure 4.2) where there was little overlap between the “windows” of average light intensities
where maximum growth rates of the different groups were achieved. In that meta-analysis, the
Chlorophyceae appeared to be able to exploit the highest light intensities but did rather poorly at the
lower light intensities. At the other extreme, the cyanobacteria and dinoflagellates, on average,
achieved maximum growth rates at relatively low light intensities. The growth of the diatoms as a
group was maximized at intermediate light levels.
Some dinoflagellates have also been shown to experience photoinhibition at light intensities far
below those that can be expected in surface waters (e.g., Samuelsson and Richardson, 1982). At
first, one might imagine it to be a disadvantage for any phytoplankton group to have maximum
growth rates at such low light intensities as a considerable amount of energy compared to their
high-light exploiting relatives must be directed to light harvesting structures rather than growth per
se. However, light is attenuated exponentially with depth. As a result, a very much larger part of
the water column will potentially be suitable for supporting maximal growth rates of dinoflagellates
at any given time than, for example, diatoms.
Thus, the relative amount of potentially suitable habitat may also be an important factor in allowing
the co-existence of taxonomic phytoplankton groups exhibiting different light affinities. This
example illustrates that the vertical heterogeneity in the water column’s light climate may create a
series of different light niches that can be exploited by different organisms and may help us to
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understand the diversity of phytoplankton and, ultimately, to resolve the “paradox of the plankton”
(Hutchinson, 1961; see Chapter 1). This chapter explores, therefore, our state of understanding
concerning the vertical distribution of phytoplankton species and community activity.
Figure 4.2. Meta-analysis of literature data comparing maximum and minimum normalized
growth rate (maximum growth rate = 1) for phytoplankton species under laboratory
conditions from different taxonomic groups. Purple = Chlorophyceae, Green =
Bacillariophyceae (diatoms), Red = Dinopyceae (dinoflagellates) and blue = cyanobacteria.
Data from Richardson et al. (1983). Light intensity is given in µmol photons m-2s-1 (= µE m-2 s1).

4.1. Phytoplankton species diversity in the vertical plane
As noted above, a review of the light tolerances of different species of phytoplankton cultured in the
laboratory might lead one to the prediction that species distribute differently – at least in a stable
water column. There are relatively few studies examining the vertical distribution of different
phytoplankton species and most of the relevant information available for marine studies comes from
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samplings of species composition at depths separated by relatively large distances, i.e. 10s of
meters.
Mouritsen and Richardson (2003) examined the small-scale vertical distribution of phytoplankton
species over part of the water column at two replicate stations (separated by ca. 100 m) in a strongly
stratified estuarine region of the Kattegat during a period of limited wind mixing and when a DCM
was present. Sampling took place in surface and near-bottom waters. In addition, 20 samples were
taken at 15 cm intervals in and around the DCM (Figure 4.3).
While that study could not attribute cause to the observed patterns in distribution, it did show the
same remarkably fine structure in species distributions between the two stations. Some species
decreased in abundance with increasing depth while others increased in abundance (Table 4.1). The
patterns observed were consistent between the two sampling sites (Figure 4.4).
Some species were never found together and one species, Kinetoplastida sp., was only encountered
at one of the 22 depths examined in the study but at both stations. The elaborate vertical structure in
the distributions recorded cannot have developed by chance.
Figure 4.3. Profiles of temperature, salinity and chlorophyll (from fluorescence) at the
sampling site in the Mouritsen and Richardson, 2003 study. Shaded area shows depth regions
of sampling.
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Table 4.1. Species increasing (I) or decreasing (D) in depth in the DCM in the study of
Mouritsen and Richardson, 2003.

Figure 4.4. Examples of species declining and increasing in abundance with depth in the DCM
From Mouritsen and Richardson, 2003. Open and closed symbols represent the two different
stations.

Many factors can potentially lead to such fine scale structure in the distribution of different species
in the water column. Some of these are “bottom-up”, i.e. light and nutrient availability but also
predator-prey and other interactions between species (Cembella, 2003; Flynn et al., 2012; Granéli,
2006; Gross, 2003; Ianora et al., 2006; Legrand et al., 2003) are potentially contributing factors.
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Furthermore, some phytoplankton may be positioning themselves in relation to physical/chemical
cues – or combinations of such cues: Rasmussen and Richardson (1989) demonstrated in laboratory
studies that the dinoflagellate, Gonyaulax tamarensis (now Alexandrium tamarense (Lebour)
Balech, 1995) responded to a combination of light availability and density gradients in the water
column.
Those workers introduced the dinoflagellates in the bottom waters of an artificial water column
illuminated from above. In a weakly stratified water column, the organisms ascended towards the
light source and accumulated at the top of the water column, i.e., at the highest light intensities.
When a strong pycnocline (i.e., a salinity difference of 6-7) was established in the water column, A.
tamarensis migrated upwards towards the light but stopped at the pycnocline, where the organisms
formed a concentrated and very thin layer that was visible to the naked eye. When blue food
coloring was introduced to the surface layer of the water column to attenuate light, dinoflagellates
introduced in the bottom layer did not stop at the pycnocline but, instead, continued to ascend to the
top of the water column where light intensities were greatest.
A. tamarensis has a life cycle that includes cyst formation. Vegetative cells emerging from cysts
resting in sediment will be released into dark or dimly lit bottom waters. The results of the
Rasmussen and Richardson (1989) study suggest that vegetative cells germinating in such low light
conditions may seek upwards until they encounter a density gradient of a certain (as yet unknown)
strength. If the light climate at that density gradient is sufficiently great (we have no idea what the
criteria for this should be!), then the cells remain at the depth of that gradient. If, however, the light
climate is not of sufficient intensity, then the cells traverse the density barrier and continue upwards
in the water column towards the light source. There could be selective advantage in this “strategy”
for positioning in the water column as nutrient resources will often be limited in the surface layer.
Thus, it could be an advantage for phototaxic organisms to cease their trajectory towards light at a
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density gradient – provided, of course, that “sufficient” light is available at this gradient for
photosynthesis.
Whether this actually occurs in nature or not is uncertain but it is known that A. tamarense is often
found in dense concentrations along the pycnocline in frontal regions, e.g., Cembella and Therriault
(1989); Franks and Anderson (1992); Han et al., (1992). Smayda and Reynolds (2001) identify A.
tamarense and Gymnodinium mikimotoi (now Karenia mikimotoi) as typical “frontal zone taxa” and
argue that they represent similar life form types. Gymnodinium (earlier Gyrodinium) aureolum is
similar to and often mistaken for (see Hansen et al. (2000) and Daugbjerg et al. (2000)) Karenia
mikimotoi. The vertical distributions of G. aureolum and K. mikimotoi under natural conditions
have been recorded in much greater detail than those of A. tamarense and these species are known
to develop dense blooms in a thin layer at the pycnocline (Bjørnsen and Nielsen, 1991; VanhoutteBrunier et al., 2008; Richardson and Kullenberg, 1987), just as other bloom forming phytoplankton
have been shown to develop dense concentrations along the pycnocline (Kaas et al., 1991).
4.2. Phytoplankton motility
A number of different phytoplankton species, including A. tamarense, are known also to migrate
vertically in the water column. In some cases, these migrations change character as the depth of the
nutricline deepens leading to the conclusion that their purpose may be to optimize resource
(nutrients and light) access (MacIntyre et al., 1997). Raven and Richardson (1984) considered the
energetic demand of vertical migrations and concluded that the energy gain by optimizing resource
acquisition in this manner would greatly exceed the energy costs of the migrations.
Obviously, phytoplankton will only be able to control their positions in a relatively stable water
column, i.e., where their swimming speeds exceed turbulent diffusive transports (Peclet number >
1). Maar et al. (2003; Figure 4.5) examined the variability in the distribution of various plankton
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species in relation to turbulent diffusion. Their focus was on zooplankton but they did include the
distributions of several dinoflagellates in the study.
Maar et al.’s working hypothesis was that the coefficient of variation (CV) in the distribution of
abundance of a plankton species can be used as a proxy to describe the heterogeneity in vertical
distribution of the organism and that the CV will decrease with increasing levels of turbulent
diffusion. The CVs differed significantly between the groups examined. For the group of Ceratium
species studied, the CVs varied as a function of the magnitude of turbulent diffusion and a clear
trend for increased heterogeneity in distribution at low compared to high levels of turbulence was
demonstrated.
Figure 4.5. Regression lines of the coefficient of variation in abundance (CV) values vs.
turbulent diffusion, From Maar et al., 2003. Reprinted with permission from John Wiley &
Sons.
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Recent development of profiling instruments (e.g., Doubell et al., 2009) that allow simultaneous
quantification of the vertical distributions of turbulence and fluorescence of chlorophyll a are now
opening for better understanding of the factors leading to vertical heterogeneity in the distribution
of phytoplankton biomass in the water column. Macías et al. (2013) have demonstrated, using data
collected at four very different geographical sites, that chlorophyll fluorescence peaks are often
located just below the layer in the upper water column exhibiting maximum levels of turbulent
energy dissipation rate. Bendtsen and Richardson (2018) noted similar distributions of
phytoplankton in relation to turbulence in the eastern North Sea. Thus, the level of turbulence at
various depths in the water column may play a role in the location of DCM.
There is also evidence that some phytoplankton may respond to cues at different depths in the water
column for initiating life cycle stages. Rynearson et al. (2013) noted the presence of vegetative
cells of the diatom, Chaetoceros cf. diadema, containing resting spores at depths between 80 and
200 m in the water column and interpreted this as evidence for spore formation in this depth range
(Figure 4.6). This is an interesting observation as has often been assumed based on laboratory
studies (e.g., French and Hargraves, 1980; Garrison, 1981; Kuwata et al., 1993) that spore
formation is induced by nutrient depletion. The dilemma in this interpretation is, however, that the
production of the heavily silicified spores requires considerable silicate input. It seems unlikely that
natural selection would favor the development of low nutrient availability as a trigger for a life
cycle stage requiring large amounts of nutrient input. At the depths where spore formation was
assumed to be occurring in the Rynearson et al (2013) study, the inorganic macro-nutrients, N and
Si, were abundantly available (no P measurements were available from the study). In this case, then,
another signal (light, pressure, other?) may have been responsible for triggering spore formation.
Thus, there is ample evidence that phytoplankton can actively exploit the different habitats
represented in the 3-D space of the euphotic zone and differences in the micro-scale distribution of
species can be large. While flagellated phytoplankton have the greatest capabilities to regulate their
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vertical placement in the water column, some non-motile species are also able to regulate their
buoyancy characteristics and, thus, to some degree regulate their vertical position in the water
column (Bienfang et al., 1982; Romans et al., 1994; Wang and Tang, 2010).
Figure 4.6. Distribution of different life cycle stages of Chaetoceros cf. diadema in the water
column. From Rynearson et al. (2013). Reprinted with permission from Elsevier.

Nevertheless, for most studies in which phytoplankton community species composition is
quantified, samples are taken with relatively large (4-5 l) water bottles. These bottles are,
furthermore, often attached to a rosette (or other similar) system, the motion of which might be
expected to break down fine vertical structure in phytoplankton communities. The Mouritsen and
Richardson (2003) study demonstrates that the assumption that collection of phytoplankton in this
manner will provide samples representing the community as it actually occurs in nature is not valid,
at least under some conditions.
Recognizing the occurrence of very fine-scale structure in the vertical distribution of phytoplankton
under some conditions puts Hutchinson’s (1961) “paradox of the plankton” into a new perspective:
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The “paradox” Hutchinson was pondering was how so many different species could co-exist in the
same habitat (resource base). It now seems clear that many of the species our sampling methods
lead us to believe are occupying the same habitat space may, in fact, be exploiting quite distinct
habitats.
4.3. Seasonal succession and vertical distributions of phytoplankton
Taking the vertical distribution of phytoplankton into consideration weakens many of the “known”
successional patterns in phytoplankton distribution described from surface waters (see Chapter 3) as
sub-surface phytoplankton blooms occur in some regions throughout the period when the water
column is stratified. Richardson et al. (2003) reported the simultaneous occurrence of at least three
separate sub-surface phytoplankton peaks in the Skagerrak during late August. These three patches
could be distinguished from one another both by hydrographic characteristics and by species
composition. Florescence kinetics determined by fast repetition rate fluorometry, primary
production determinations and associated patches of elevated in situ oxygen concentrations all
indicated that the phytoplankton in these peaks were photosynthetically active.
The most intense of the sub-surface peaks (with chlorophyll concentrations up to 18 µg chlorophyll
a l-1) occurred in the coldest (6.65 – 6.72 oC) waters encountered in the study area and
concentrations of nitrate within this patch were also high compared to the rest of the study area.
Here, the phytoplankton community was dominated (71-86% of the enumerated phytoplankton
cells) by the diatom, Leptrocylindricus danicus. The presence of this species in the entire study area
was only recorded in association with this particular cold water patch. Other species only recorded
in this patch included Thalassiosira rotula and Chaetoceros curvisetus. All three of these diatoms
can also be associated with spring bloom phytoplankton communities. Thus, this sub-surface bloom
encountered at the end of August shared characteristics, in terms of temperature, nutrient and
species composition, with a typical spring bloom associated with surface waters at the same
161

latitude. Based on the temperature characteristics recorded in the study area, Richardson et al.
(2003) concluded that this particular bloom was taking place in waters advected into the study area
from elsewhere. Both the temperature and nutrient characteristics of the water mass suggest that it
had originated at depth.
Thus, one surmises that cold, nutrient-rich waters, presumably originating in the deeper regions of
the North Sea, were entrained at depths in the Skagerrak where the light climate was sufficient to
support phytoplankton growth and give rise to a bloom with all of the characteristics of a “spring
bloom” in late August. The occurrence of large diatom species typically associated with spring
bloom communities in DCMs during summer months has been reported in a number of studies in
both temperate and high latitude regions (e.g., Martin et al., 2010; Weston et al., 2005). Large cells
(i.e. > ~ 10 µm in diameter) in association with DCMs have also been reported by e.g., Hickman et
al. (2012), Holligan et al. (1984) and Sharples et al. (2001).
4.4. Vertical distributions in community size structure and photosynthesis
We see, then, that the commonly accepted seasonal pattern of phytoplankton community size
spectra becomes muddied when we consider phytoplankton throughout the water column rather
than only those in the immediate surface layer. In response to increasing nutrient limitation in the
surface layer of seasonally stratified waters, the paradigm regarding the seasonal size distribution of
phytoplankton argues that communities characterized by the presence of a large number of large
cells will dominate at the time of the spring and autumn blooms when nutrients are plentiful in
surface waters while smaller cells will dominate during summer months (Kiørboe, 1993). Given this
response to nutrient availability along a temporal axis, one might predict larger cells to become
increasingly dominant with depth. However, small size leads to a larger effective cross-section for
light absorption and is, therefore, also an advantage in terms of light harvesting. Furthermore, small
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cells may also be more susceptible to photoinhibition than larger cells (Key et al., 2010). Thus, it is
not possible to derive a simple size-depth relationship for phytoplankton.
That phytoplankton size may increase with depth, despite the constraints implied by large size on
light harvesting has clearly been demonstrated during summer months in the strongly stratified
Baltic Sea transition zone. Lyngsgaard et al. (2014b) sampled at a fixed station in the Kattegat
over a three-week period in July 2010. On each sampling day, the greatest percentage of total
chlorophyll retained on the filters with the largest pore size was recorded either in association with
or in waters below the pycnocline. During that study, the dominant large phytoplankton below the
surface layer belonged to the genus Ceratium. Species within this genus are presumed to be
mixotrophic. As they are not necessarily relying on light harvesting for their nutrition, they may be
less constrained by the disadvantage in light harvesting capability conferred by large size than strict
autotrophs. Nevertheless, the example demonstrates that there can be vertical differences in the size
distribution of phytoplankton and that large phytoplankton can occur below the surface waters.
Phytoplankton community size composition has important implications for herbivore grazers and
the efficiency of energy transfer from phytoplankton to higher trophic levels (e.g., Kiørboe, 1993),
as only the larger zooplankton species can feed directly on large phytoplankton cells and the
retention efficiency of many filter feeders is a function of particle size. Thus, the structure of the
plankton food web is shaped by the size composition of the phytoplankton. All other factors being
equal, energy flow to higher trophic levels will be most efficient when large cells dominate in the
phytoplankton community.
Thus, if phytoplankton below the surface layer are larger than those in the surface layer, then they
may be more important for supporting the nutritional demands of organisms from higher trophic
levels than would initially be assumed based on primary production determinations. This also
means that even when no differences are recorded in total biomass (chlorophyll) accumulations
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between depths, differences in the relative size distributions of the phytoplankton community
between depths may potentially impact the grazing success and the efficiency of energy transfer
from phytoplankton to higher trophic levels.
Bearing this relationship between phytoplankton community size and food web structure in mind, it
becomes clear that in situations such as those described for the Kattegat where size distributions of
the phytoplankton community differ between the surface layer and the DCM, any change in the
relative amount of phytoplankton produced in each layer will potentially impact carbon flow in the
system as a whole. Few of the available time series relating to phytoplankton distributions allow
identification of temporal trends in the vertical distribution of primary production. However,
Lyngsgaard et al. (2014a) have related changes in the vertical distribution of primary production to
the anthropogenic nitrogen loading to the recipient Baltic Sea transition zone. Using a fourteenyear data series encompassing six different stations, they showed that the magnitude of primary
production occurring in the surface layer of the region separating the North and Baltic Seas was
positively correlated with nitrogen nutrient runoff from Denmark (Figure 4.7).
The greater the primary production in the surface layer, the less primary production occurs in the
bottom layer. This means that as nutrient runoff is reduced as a consequence of legislation designed
to control eutrophication effects, the amount of annual primary production (both in absolute
magnitude and as a percentage of total water column PP) occurring below the surface layer, i.e., in
the pycnocline and bottom layer (“PBL” in the Lyngsgaard et al. (2014a) study) increases. This
has potentially important consequences for the ecosystem as a whole. Lyngsgaard et al. (2014b)
showed that oxygen saturation in the PBL during summer months is a function of the amount of
primary production occurring in that layer of the water column (Figure 4.8). This means that
changes in the vertical distribution of photosynthesis can be a contributing factor to the
development of hypoxic/anoxic conditions in bottom waters in coastal regions experiencing
eutrophication. The traditional understanding of hypoxia/anoxia in bottom waters in connection
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with nutrient enrichment of coastal waters is that the production of organic material via primary
production increases with the enrichment. As a consequence, more organic material sinks to the
bottom where it is degraded by bacterial activity. This bacterial activity requires oxygen and this
leads to oxygen depletion in bottom waters (see Richardson and Jørgensen, 1996).
Figure 4.7. Changes in annual primary production in the surface layer as a function of
changes in land-based nitrogen loading. Change in each parameter is expressed as a
percentage of the average value for the study period as a whole (1998-2012). The regression
line is shown (p < 0.01). “PBL” refers to pycnocline-bottom layer, i.e., the water below the
surface layer. From Lyngsgaard et al. (2014a). Reprinted with permission from John Wiley
& Sons.

The redistribution of primary production from the bottom to surface layer could, however, also
potentially be a contributing factor to the development of hypoxia/anoxia in some areas as the
oxygen produced by photosynthesis occurring in the surface layer will dissolve in the surface layer
and little, if any, of it will become available to the bottom layer. On the other hand, the bacterial
degradation of all of the organic material produced by primary production in the surface layer and
that sinks to the bottom waters will lead to a net decrease in oxygen in the bottom layer. In contrast,
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the oxygen produced by photosynthesis occurring below the surface layer will tend to remain in the
PBL. Therefore, the net decrease of oxygen associated with the degradation of organic material
produced through photosynthesis occurring below the surface layer will be less than when the
material was produced in the surface layer.
Figure 4.8. Oxygen saturation in the pycnocline-bottom layer (PBL) as a function of the
percentage of total water column primary production occurring in the PBL from JulySeptember (1999-2012). After Lyngsgaard et al. (2014b).

As noted above, the structure and efficiency of energy transfer in plankton foods webs is a function
of the size structure of the phytoplankton community (Kiørboe, 1993). Thus, if a vertical
redistribution of primary production is associated with a change in the relative annual abundance of
large and small phytoplankton cells in the water column as the Lyngsgaard et al. (2014b) study
suggests may sometimes be the case, then the redistribution may have hitherto unforeseen
consequences for the ecosystem as a whole.
Anthropogenic nutrient enrichment is not the only type of environmental change that can potentially
alter the vertical distribution of photosynthesis in the water column and, thereby, the food web
structure. Climate change, by altering thermal stratification characteristics of the water column
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and/or the depth of the surface layer is also a potential candidate to influence the relative vertical
distribution of photosynthesis (e.g., Martin et al., 2010). Thus, in order to understand how changing
ocean conditions may influence biogeochemical carbon cycling, it is important to consider the
vertical distribution of photosynthesis as well as total water column primary production in marine
monitoring and research initiatives.
4.5. Where are Deep Chlorophyll Maxima (DCMs) found?
All of the examples discussed so far in this chapter demonstrate that phytoplankton can (and do)
thrive over the entire euphotic region of the upper ocean. That DCMs exist was
anecdotallyrecorded well before the introduction of profiling fluorometers in the 1960s (Lorenzen,
1966). However, it was generally assumed that these accumulations of chlorophyll represented the
sinking of dead or dying cells (see Chapter 1). The routine use of these profiling fluorometers made
it clear that DCMs are a common feature in essentially all marine regions experiencing
stratification.
Several studies from widely disparate geographic regions and oceanographic conditions have
demonstrated the depth of the DCM to coincide with the depth of the nutricline (usually nitricline).
Cullen and Eppley (1981) found working off the coast of California that, between 20 and 60 m (the
deepest depth in the study) the depths of the DCM and the nitricline coincide. Likewise, Brown et
al. (2015) found a significant (p < 0.01) correlation between the depth of the nitricline and the depth
of the DCM down to their deepest sampling depths (~ 60 m) during a study in the Arctic Ocean.
The interpretation of the DCM forming at a depth where access to both nutrients and light receives
further support from an analysis (Richardson and Bendtsen, 2019) in which the authors examined
not only the data from the Galathea 3 dataset but also archived data from the World Ocean Data
(WOD) data set (Boyer et al., 2013) and three time series stations (HOT (Karl and Lukas, 1996);
BATS (Fujieki et al., 2007) and CARIACO (Lomas et al., 2013) (Figure 4.9). When a nutricline is
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not present or is found near the surface, i.e. at a depth of < 20 m, no relationship is found between
the depths of the nutricline and the DCM. This suggests that macronutrient (nitrogen) availability
under such conditions is not an important factor controlling the vertical distribution of
phytoplankton. It should be noted that samples taken from High Nutrient Low Chlorophyll (HNLC)
regions, where iron availability is predicted to be limiting for phytoplankton growth, would be
included in the nutricline depth range in that study.
In the nutricline depth range of between ~ 20 and 90 meters, the depths of the DCM and nutricline
appear more or less to coincide. This result is similar to the findings of the Cullen and Eppley
(1981) and Brown et al. (2015) studies and suggests a universal global pattern whereby DCMs will
be associated with the nutricline when it is located at intermediate depth ranges.
When the nutricline occurs at depths > ~ 90 m, however, the DCM forms in the nutrient depleted
waters above the nutricline. This suggests that the light climate at deep nutriclines is insufficient to
support phytoplankton photosynthesis/growth. Indeed, Richardson and Bendtsen (2019) present a
model describing the positioning of DCM in relation to nutricline depth by which the deviation of
DCM from the nutricline deep in the water column can be mathematically explained on the basis of
access to nutrients and light. As we will see below, placement above but close to the nutricline may
maximize access to new (sensu Dugdale and Goering, 1967) nutrients in the oligotrophic regions of
the global ocean where such deep nutriclines are found.
Thus, it appears that nutriclines occurring within the depth range for which light is sufficient to
support photosynthesis (i.e., the euphotic zone of the water column) should be considered as
analogues in the vertical plane to the sub-meso and mesoscale fronts occurring in the horizontal
plane in surface waters that were identified in Chapter 3 as being important in creating conditions
that provide combinations of light and nutrients that can lead to increased growth/accumulation of
phytoplankton in comparison to surrounding waters. Also in the vertical plane, we see that any
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condition or process leading to mixing below the surface layer that leads to the introduction of
nutrient-rich water into the euphotic zone can potentially lead to conditions where DCMs can
develop.
Figure 4.9. DCM versus nutricline depth. A) Observed (Galathea 3 dataset) DCM versus DNO3
(potential HNLC stations in the Southern Ocean (latitude south of 55 °S) are shown with
triangles), B) DCM versus DNO3 calculated from the three time series stations (HOT, light
gray bullets; BATS, black circles; CARIACO, dark gray diamonds) and C) DCM versus DNO3
calculated from WOD. In D all pairs of DCM vs DNO3 (light grey bullets) data were binned
and median values and median absolute deviation (error bars) were calculated in 10 m
intervals. The solid, dashed and dotted lines show model solutions for DCM placement. The
line DCM=DNO3 is shown with a dash-dotted line. (From Richardson and Bendtsen, 2019).

4.6. Maintenance of DCMs
As noted above (Figure 4.1), there are multiple potential mechanisms by which DCMs may form.
However, if they are to continue to contain actively photosynthesizing phytoplankton, these
phytoplankton must be able to access nutrients. In some areas, there is evidence that the position of
the DCM tracks changes in the depth of the nutricline (Richardson and Christoffersen, 1991;
Sharples et al., 2001). In such cases, the phytoplankton may be directly accessing nutrients from the
water below and this nutrient uptake, in itself, influencing the depth of the nutricline. Phytoplankton
located at or near the nutricline can access nutrients from the waters below them via several
mechanisms: Some are capable of vertical migration that, under conditions of low turbulence, may
allow them to directly access nutrients in deeper waters and, then, return to the higher light waters
higher up in the water column.
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Even in a well stratified water column, however, there are numerous physical mixing processes that
can lead to diapycnal mixing of nutrients into the euphotic zone, e.g., eddy mixing (Richardson
and Bendtsen, 2017), breaking internal waves (Sharples et al., 2009) and bottom boundary layer
mixing (Bendtsen and Richardson, 2018). Thus, turbulent mixing driven, for example, by tides
(Sharples et al., 2007), wind (Williams et al., 2013), bathymetric features (Tweddle et al., 2013) and
currents comprises various processes that can all potentially lead to the upward flux of nutrients
across the nutricline. In a modelling study, Huisman et al. (2006) found evidence that a reduction of
vertical mixing in the surface layer of the ocean may, because of differences in the time scales
between nutrient uptake, phytoplankton sinking, and the slow upward flux of nutrients from deeper
waters, lead to oscillations and chaos between phytoplankton and nutrients in the DCM. This, in
turn, could actually increase mixing to, and thereby, variability in PP in the DCM.
Of course, mixing processes below the DCM will also, potentially transport phytoplankton away
from and, thereby, dilute the DCM. In this case, Ross and Sharples (2008) suggested, on the basis
of a modelling study, that motile phytoplankton might have an advantage compared to non-motile
under these conditions as, when mixing brought them back to the vicinity of the DCM, they could
potentially migrate back to the higher light conditions at the DCM.
In some cases, the nutrients supporting the maintenance of the DCM are advected horizontally to
the phytoplankton here. This mechanism has, for example, been demonstrated in the central North
Sea (e.g. Riegman et al., 1990; Nielsen et al., 1993; Richardson et al., 1998; 2000) north of the
Dogger Bank, where it appears that nutrient-rich bottom water is “pumped” into intermediate depths
of the water column (along the pycnocline) in connection with the fortnightly tidal cycle (Pedersen,
1994). Thus, the formation of the DCM north of the Dogger Bank is believed to result from the
intrusion mechanism illustrated in Figure 4.1 (F) and where nutrients repeatedly throughout the
period of seasonal stratification are advected into intermediate water depths. As light is sufficient
for photosynthesis at these depths, subsurface blooms (Richardson et al., 2000) of phytoplankton
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repeatedly (and predictably) occur throughout the summer months (Figure 4.10), thus creating a
DCM of temporally fluctuating intensity.
Thus, just as there are many mechanisms through which DCMs can form, there are also multiple
mechanisms that potentially can lead to episodic introduction of nutrients to intermediate depths in
the water column that may allow phytoplankton in DCMs to access nutrients in shallow seas. Also
for deeper waters, i.e., where the nutricline is deeper than ~ 90 m, there is evidence that vertical
mixing in the intermediate depth layers may be important for supplying phytoplankton at the DCM
with new nutrients. In such areas, the DCM forms in the nutrient depleted waters above the
nutricline. Nevertheless, as we will see below, placement above but close to the nutricline may
maximize access to new (sensu Dugdale and Goering, 1967) nutrients in the oligotrophic regions of
the global ocean where such deep nutriclines are found.
Richardson et al. (2014) identified a site in the Sargasso Sea where mid-water vertical mixing
appeared to be delivering nutrients to the DCM. The mixing was identified by the greater similarity
in phytoplankton assemblages at the DCM and surface than at surrounding stations and by
calculating Thorpe Displacements from the CTD profiles (Figure 4.11). Richardson et al. (2014)
estimated that this localized mixing may increase the delivery of nutrients from deeper waters to the
DCM by around an order of magnitude.
The evidence that this mixing was delivering nutrients to the DCM was found in elevated
normalized variable fluorescence ratios (Fv/Fm) in the DCM and by higher stable isotope (δ15N)
signatures in the POC in and around the DCM where mixing was believed to be occurring than at
other stations where mixing did not appear to be occurring. Fv/Fm is an expression of the
photochemical efficiency of Photosystem II (PSII) in photosynthesis. Low values are associated
with either photoinhibition or nutrient depletion (or a combination of both processes, see From et al.
(2014) for discussion).
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Photoinhibition would be unlikely at the depth of the DCM in the Sargasso Sea. Therefore,
differences in Fv/Fm in DCM samples likely reflect differences in nutrient status of the
phytoplankton. As the Fv/Fm values at the DCM were higher than in the overlying water column,
this suggests that the apparent nutrient input to the DCM resulting in elevated Fv/Fm was likely
coming from below.
The δ15N of atmospheric N2 is, by definition, 1. Therefore, increasing δ15N signatures in the POC
associated with the planktonic food web indicates a decreasing dependence on nitrogen fixation
(diazotrophy) of the food web producing the POC. Again, the fact that δ15N was lowest higher up in
the water column suggests that the planktonic food web in and around the identified relatively deep
subsurface mixing regions had access to a different new nitrogen source than the more shallow
waters. The study also showed that the mesozooplankton were more concentrated near the DCM at
stations where vertical mixing was hypothesized than at other stations. Finally, although no causal
link was identified, the Richardson et al. (2014) study also noted that the highest concentrations of
eel larvae were found near the stations where localized vertical mixing was identified. Thus, it
would appear that the positioning of the DCM in this region above the nutricline may enable the
phytoplankton associated with DCM to utilize any nutrients that may be transported vertically
upwards in the water column.
Richardson and Bendtsen (2017) returned to the Sargasso Sea in 2014 and further examined this
phenomenon. They were again able to identify a localized region of vertical mixing potentially
capable of delivering nutrients from below the nutricline to phytoplankton in the DCM. This time,
they were able to associate the region of mixing with a front delimiting the border of a particularly
dynamic meso-scale eddy. Eddies pass continually through the sub-tropical gyres of the Sargasso
Sea, although not all have sufficient energy to generate the mixing assumed in the Richardson et
al. 2014 study to deliver new nutrients to the DCM.
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Thus, phytoplankton in the DCM may periodically be receiving nutrient input from below the
nutricline as the most dynamic of these eddies pass. This interpretation of the system with periodic
delivery of nutrients to the DCM is supported by the fact that the highest values of Fv/Fm recorded
in the 2014 study in the water column were, again, found in association with the DCM (Figure
4.12). This implies that the phytoplankton here were more nutrient replete than those higher up in
the water column.
A model is presented in Richardson and Bendtsen, 2017 describing the seasonal development and
evolution of the DCM in the Sargasso Sea and demonstrating the potential effect of eddy passage on
primary production occurring at the DCM (Figure 4.13). The model suggests that photosynthesis
occurring at such deep DCMs may be quantitatively important for the introduction of oxygen to the
deep water column, a finding that is consistent with observations of deep oxygen maxima in the
Sargasso Sea (Jenkins and Goldman, 1985). Sensitivity testing of the model suggests that rotation
direction (clockwise or anti-clockwise) of eddies will be important for the magnitude of O2 retained
in the water column. Likewise, the model studies indicate that the magnitude of annual primary
production is insensitive to the degree of thermal stratification.
This is a particularly interesting result as there is a growing consensus in much of the climate
change research community that changes in the intensity of thermal stratification brought about by
warming of the surface ocean are likely to decrease ocean primary production (e.g., Steinacher et
al., 2010; Bopp et al., 2013) through reduction in nutrient delivery to surface waters. The
Richardson and Bendtsen (2017) study suggests, however, that for large portions of the ocean
(oligotrophic regions with a deep nutricline) changes in the intensity of thermal stratification are
unlikely to generate changes in primary production. One thing the model was sensitive to, however,
was the ratio of particulate (POC) to dissolved (DOC) organic material produced via
photosynthesis.
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Figure 4.10. shows A) Chlorophyll a (µg l-1) estimated from fluorescence profiles (relative
units); B) primary production (µg C l-1) and C) oxygen concentrations (ml l-1) on a transect
traversing the Dogger Bank in August, 1997. On the north (left) side of the Bank, the
fortnightly tidal cycle introduces nutrients leading to a local subsurface phytoplankton bloom.
That the bloom is actively photosynthesizing can be seen from the associated elevated oxygen
concentrations. Isotherms are shown in red in A) and B). From Richardson et al. (2000).
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Figure 4.11. Three north-south transects in the Sargasso Sea, April, 2007: A and B) 64o W ; C
and D) 67o W ; E and F) 70o W. Colors in background depict apparent oxygen utilization
(AOU) in µM and can be used to identify different water masses. A, C, and E depict
abundances (number m-3) of eel larvae (redrawn from Munk et al. 2010); Red = Anguilla
anguilla, Blue = A. rostrata. To = Thorpe displacements (length scale shown in upper right
hand corner of B). Density isopycnals are contoured in intervals of 0.5 kg m-3. From
Richardson et al., 2014.
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Figure 4.12. Transect in the Sargasso Sea, April 2014 (68o 50’ W). A) Circles depict values of
normalized variable fluorescence, Fv/Fm (color bar to the left) superimposed on chlorophyll a
fluorescence (arbitrary units; color bar to the right) and isopycnals (0.25 kg m-3) and B)
measured nitrate (µmol kg-1) and vertical profile of chlorophyll a. From Bendtsen and
Richardson (2017).

This ratio will be a function of community composition. Thus, this study suggests that species
composition may be an important factor to consider in relation to possible effects of climate change
on ocean primary production. This, together with Richardson and Bendtsen (2019), also suggests
that depth of nutricline will also be a potentially important driver of primary production in a future
ocean. This hypothesis is addressed in Chapter 5.
The model presented in Richardson and Bendtsen (2017) suggests that periodic delivery of
nutrients to the DCM might be the main driver of new production in the Sargasso Sea. This
prediction is compatible with field studies (Fawcett et al., 2014) where the greatest contribution to
new production in the Sargasso Sea was found in association with eukaryotic photosynthesis in the
DCM and supports the finding of earlier studies (McGillicuddy et al., 1998; Oschlies and Garcon,
1998).
Obviously, neither such subsurface vertical mixing events nor any response they might elicit in the
phytoplankton would be detectable using satellite-mounted sensors examining optical
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characteristics of the surface water. This nutrient delivery to phytoplankton will, thus, go unnoticed
in conventional estimates of primary production made for these regions. Interestingly, however, it
may be possible using satellite determined differences in sea surface height to identify the
mesoscale eddies potentially capable of generating the deep water mixing that is hypothesized to
deliver nutrients to the DCM. Thus, if the passage of eddies does turn out to be important for energy
flow in pelagic ecosystems in the Sargasso Sea, it may ultimately be possible to estimate from
remote sensing when and where nutrient mixing to the DCM is occurring.
Figure 4.13. Eddy influence on the PP at the DCM. Phytoplankton biomass of eukaryotes
(colors, mmol N m−3) and diazotrophs (contours, mmol N m−3) in A) the reference case with
three passing eddies and B) a case without eddies. From Richardson and Bendtsen (2017)

4.7. The DCM may not necessarily represent a biomass peak
It has been noted that in some, e.g., Furuya (1990) but not all, cases a carbon biomass peak occurs
in association in DCMs in oligotrophic tropical regions. This uncoupling of chlorophyll and carbon
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is sometimes used to argue that the occurrence of the DCM may be an artefact resulting from the
fact that phytoplankton acclimate to low light by increasing chlorophyll/carbon ratios (Claustre and
Marty, 1995; Marañón et al., 2000; see Chapter 2) and, therefore, unlikely to be of quantitative
importance in oligotrophic regions. However, light adaptation (resulting in an increase in the
chlorophyll/carbon ratio) would apply in all other depth strata of the water column as well. Why,
then, should light adaptation result in the development of a DCM?
Nothing suggests that the DCM in oligotrophic tropical regions develops at lower light conditions
than at higher latitudes. The data presented in Richardson et al. (2014) and Richardson and
Bendtsen (2017) indicate that the DCM there forms at depths of around 5 - 10% light penetration,
Hickman et al. (2012) found the DCM in the Celtic Sea to form at about the same percentage of
incident light penetration and Martin et al. (2010) found DCMs in the Canadian Arctic to commonly
occur at about this level of light penetration. There seems, therefore, to be no a priori reason to
expect changes in chlorophyll/carbon ratios resulting from adaptation to low light to be more
dramatically expressed in tropical DCMs than in those at higher latitudes.
A possible alternative explanation for why the literature suggests that DCMs may be less likely in
tropical regions to coincide with biomass maxima than in temperature and polar regions might be a
tighter energy coupling in food webs in the relatively stable tropical regions compared to higher
latitudes. As noted in Chapter 3, Margalef (1963) suggested that in “mature” ecosystems, i.e. those
that develop with relatively little disturbance, resources and energy will be very efficiently utilized
by the different pathways that develop during the maturation process. This implies that only in
systems that are disturbed will it be possible to develop phytoplankton blooms. Tropical systems are
very stable compared to higher latitude systems. It is, therefore, possible (as the Fv/Fm data
discussed and presented above suggest) that DCMs in tropical regions do contain the
physiologically most active phytoplankton in water column but that the biomass accumulations seen
in the DCM at higher latitudes do not develop due to light limitation and/or grazing pressure.
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In deeply stratified systems such as tropical gyres, where there is little or no overlap between the
depths where nutrients and light are available, the production of new organic material must be at a
premium and we can predict that there must also be hard grazing pressure on the production
occurring here. Some evidence that herbivore grazers may be tuned in to changes in nutrient
availability to the DCM in the Sargasso Sea is presented in Richardson et al. (2014) where it was
demonstrated that, when mixing conditions potentially delivered nutrients from depth to the
phytoplankton in the DCM, the mesozooplankton present concentrated at depths in the water
column near the DCM.
Thus, DCMs are common features in all ocean regions experiencing stratification. While the
mechanisms that lead to their development potentially differ on a case by case basis, many appear
to form as a consequence of phytoplankton apparently attempting to optimize access to resources in
a stratified water column. DCMs have in common the fact that they seldom generate a surface
signal. Thus, it is not possible via remote sensing of surface optical characteristics – or even from
shipboard surveys continually monitoring surface water characteristics – to observe these features.
As we will see below, the failure to observe and quantify the production occurring in DCMs may be
introducing a serious bias to our understanding of phytoplankton production in the ocean, its
importance in structuring marine food webs and the distribution of organisms from higher trophic
levels.
4.8. The Importance of DCMs for water column primary production
Because DCMs often occur at very low light levels, the maximum volumetric rate of primary
production often occurs above the depth of the DCM. Nevertheless, the contribution of
photosynthesis in the DCM to total water column primary production is often quite substantial. The
contribution of DCMs to primary production has, to date, been best studied in temperate shelf seas.
Here, the general picture emerging is that phytoplankton activity at the DCM is quantitatively
179

important in maintaining primary production during the stratified summer season and that the
magnitude of the production occurring during the summer season in association with the DCM is on
a par with that occurring during the spring bloom. In addition, DCMs often appear to be the primary
source of new production (sensu Dugdale and Goering, 1967; see also Chapter 1) in the water
column during the period of seasonal stratification.
As noted above, a particularly well studied temperate shelf sea DCM is found just north of the
Dogger Bank in the North Sea (Figure 4.10) where sub-surface phytoplankton blooms are
systematically generated by local hydrographic conditions (Pedersen, 1994). As this phenomenon is
linked to the tidal cycle, sub-surface bloom generation is predictable in both time and space and
occurs repeatedly throughout the period of seasonal stratification. Richardson and Pedersen (1998)
estimated that around 20% of the annual new production occurring in the North Sea may occur in
association with this tidal pumping of new nutrients into the pycnocline.
These sub-surface blooms occur during a period when phytoplankton biomass is low in surface
waters and they appear to be important in shaping the local plankton food web (Nielsen et al., 1993;
Richardson et al., 1998). In addition, fish larvae have been shown to be abundant here in relation to
surrounding waters (Munk and Nielsen, 1994). Given the predictability of these blooms, a natural
selection advantage might be predicted for those fish whose offspring are geographically positioned
in such a manner as to avail themselves of the food web associated with this tidal pumping of
nutrient-rich waters into the pycnocline.
Weston et al. (2005) found that the DCM accounted for 58% of water column primary productivity
in the central North Sea north of the Dogger Bank. These authors also found that nitrate and
ammonium uptake by phytoplankton were greater in the DCM than higher up in the water column
and estimated that ~ 37% of the annual new production occurring in this part of the North Sea could
be attributed to production occurring at the DCM. Fernand et al. (2013) also found that the new
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production occurring in DCM in the central and eastern stratified regions of the North Sea is likely
to be similar to that occurring in the spring bloom.
Similar conclusions concerning the importance of the DCM’s contribution to summer water column
and annual primary production have been reached for the Celtic Sea where Hickman et al. (2012)
reported that about half of the water column primary production was occurring in association with
the DCM. Also here, the nitrate uptake rates were greater in association with the DCM than higher
up in the water column indicating that the DCM was important for the generation of new production
during the stratified summer season. These workers estimated that the new production occurring in
the DCM during summer was approximately equivalent to half of that occurring in the spring
bloom.
For the Western English Channel, Sharples et al. (2001) estimated the turbulent delivery of nutrients
from bottom waters to the DCM associated with the thermocline could support a new production
on the order of 160 mg C m-2 d-1. They pointed out, however, that the same processes delivering this
nutrient to the DCM population would also transport phytoplankton from the bottom of the DCM
into the darker waters below. This loss process could potentially present a serious challenge to the
maintenance of the DCM but, as they also pointed out, may represent a substantial but overlooked
source of export production, i.e. the material exported out of the DCM to deeper waters.
Also in the Baltic Sea transition zone, primary production associated with the DCM has been shown
to make a quantitatively important contribution to annual primary production. At a station in the
southern Kattegat, Richardson and Christoffersen (1991) found DCM primary production to be of
the same order of magnitude as that of the spring bloom. Lyngsgaard et al. (2014a) found DCM
production over a fourteen-year period to contribute on average ~17% of annual primary
production.
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DCMs in high latitude systems also appear to make a major contribution to primary production.
Richardson et al. (2005) observed a strong DCM in the Greenland Sea during cruises carried out in
May, June and August. In June, an average of ~ 40% and in August ~ 50% of total water column
primary production occurred in the DCM. Using a combination of field and model studies, Johanne
Martin and colleagues (Martin et al., 2010; 2012; 2013) have demonstrated that DCMs are prevalent
features throughout the Canadian Arctic waters during the ice-free period of the year, that they
generally coincide with a biomass maximum, and that they exhibit both elevated potential for
electron transport in PSII (high Fv/Fm) and high rates of nitrate assimilation and new production.
Their model studies suggest that DCM production may account for 6 – 90% of annual primary
production in this region. Brown et al (2015) and Palmer et al. (2013) have also reported actively
photosynthesizing phytoplankton in association with the DCMs in the Arctic Ocean.
Thus, considerable evidence for an important contribution by DCMs to total primary production in
stratified temperate and high latitude marine systems has now been assembled. The potential
importance of DCM production appears less well studied at lower latitudes experiencing more or
less permanent water column stratification. Nevertheless, reporting results obtained on a
longitudinal transect running from 50o N to 50o S, Marañón et al., (2000) found that the DCM at
stations between 40o N and 40o S contributed 37+ 2% of total integrated water column productivity
(and accounted for ~ 61% of total water column chlorophyll). Herbland and Voituriez (1979)
reported a productivity maximum in association with the DCM in the tropical Atlantic. Similar
vertical distributions of phytoplankton occur in the stratified tropical Pacific (e.g., Furuya, 1990).
As under stratified conditions at higher latitudes, there are a number of indications that
phytoplankton associated with the DCM in semi-permanently or permanently stratified regions may
be contributing disproportionally to the new production (sensu Dugdale and Goering, 1967)
occurring here. Casey et al. (2007) demonstrated that Prochlorococcus populations near the
pycnocline differed from those higher in the water column in the Sargasso Sea by meeting a
182

significant fraction of their nitrogen requirements through the uptake of nitrate. This came as a
surprise as it had previously been assumed based on studies of laboratory cultures that
Prochlorococcus were unable to utilize nitrate.
With the help of genetic analyses and growth studies, Berube et al. (2015) demonstrated that there
are multiple strains of Prochlorococcus capable of assimilating nitrate and that this capacity was
likely acquired on multiple different occasions in the evolutionary history of this group. Thus, some
strains of Prochlorococcus apparently do have the potential to contribute to new production at the
DCM, i.e., where nitrate is intermittently available, in oligotrophic regions.
Further evidence of new production occurring in or around the DCM in the Sargasso Sea comes
from oxygen maxima being found in the waters above the DCM (e.g. Jenkins and Goldman, 1985;
Shulenberger and Reid, 1981) and from Fawcett et al. (2014) who found new production to be
occurring in waters near the nutricline and associated with eukaryotic cells. Furthermore, the
analyses of 15N signatures in POC collected in different depth strata in the Sargasso Sea
(Richardson et al., 2014) discussed above which showed the δ15N was higher in the depth stratum
where the DCM was found than in the overlying waters implies a greater dependence on nitrate for
phytoplankton near the DCM than higher in the water column. Gaining a better understanding of
how and when meso and sub-mesoscale instabilities in the vertical plane influence nutrient
availability to the phytoplankton in DCMs and how this may propagate in associated food webs is,
thus, a tantalizing scientific challenge begging to be addressed.
4.9. Chapter 4: Summary
Since the introduction of profiling fluorometers in the 1960s and the capacity for synoptic
descriptions of the vertical distribution of chlorophyll in the water column became a reality, it has
been known that DCMs develop in all parts of the global ocean experiencing stratification. Until
recently, however, these DCMs have largely received only anecdotal attention and the assumption
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has been that surface phytoplankton and production will be most important for food webs and
biogeochemical carbon cycling. This assumption has been further reinforced by the now prevalent
practice of estimating global primary production from remotely sensed surface water characteristics
(see Chapter 1).
The scientific evidence that the phytoplankton found below the immediate surface of the ocean can
contribute substantially to the biogeochemical cycling of nutrients and in shaping local ecosystems
is, however, now overwhelming. Thus, in order to quantify the role of phytoplankton in the Earth
System – and to assess how changing ocean conditions may influence this role - methods are
needed to estimate the activity of the phytoplankton found below the surface layer.
This chapter has identified a macroecological pattern in the position of the DCMs in relation to
nutricline depth and the need for a better understanding of the importance of episodic mixing events
for nutrient delivery to phytoplankton deep in the water column in order to assess the magnitude of
the new production occurring. Until these processes are better constrained, it will not, for example,
be possible to quantify the importance of phytoplankton in biogeochemical nutrient cycling at the
level of the whole ocean.
The following peer-reviewed papers by the author and co-workers are appended for evaluation:
Lyngsgaard, M.M., Richardson, K., Markager, S., Nielsen, M.H., Olesen, M. and
Christensen, J.P.A. (2014). Deep primary production in coastal pelagic systems:
Importance for ecosystem functioning. Marine Ecology Progress Series, 15, 15-33. doi:
10.3354/meps11015.
Richardson, K., Bendtsen, J., Tang Christensen, J., Adjou, M., Moltke Lyngsgaard, M.,
Hilligsøe, K., Pedersen, J. B., Vang, T. and Nielsen, M. H. (2014). Localised mixing and
heterogeneity in the plankton food web in a frontal region of the Sargasso Sea:
implications for eel early life history? Marine Ecology Progress Series, 504, 91–107. doi:
10.3354/meps10766.
Richardson, K. and Bendtsen, J. (2017). Photosynthetic oxygen production in a warmer
ocean: The Sargasso Sea as a case study. Philosophical Transactions of the Royal Socety A,
375, 2102. doi: 10.1098/rsta.2016.0329.
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In the following chapter, we will see that we already have enough information concerning the
vertical patterns in primary production in different regions of the global ocean that we can directly
incorporate geographical differences in the contribution of subsurface phytoplankton to water
column productivity in estimates of global ocean primary productivity made from remotely sensed
surface data.
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Chapter 5: Towards an eco-physiological parameterization of water column
primary production
One of the greatest weaknesses in the current approaches to estimating ocean PP is the
parameterisation of its vertical distribution. The publication presented for evaluation with this
chapter identifies previously unrecognized universal patterns with respect to both total water
column PP and the vertical distribution of PP in relation to the depth of the nutricline. The pattern
describing the vertical distribution of PP in relation to nutricline depth is then used to make a
global estimate of ocean PP for the period 2003 – 2013. The estimate for total ocean PP using this
new approach is similar to estimates obtained when using the VGPM (Behrenfeld and Falkowski,
1997b) algorithm which is based on the standard approach of estimating the vertical distribution of
PP on the basis of the statistical analysis of historical chlorophyll fluorescence profiles. However,
the geographic distribution of the PP using the approach proposed here is quite different from the
VGPM estimates. In particular, the oligotrophic regions of the world’s ocean appear to be
considerably (~40%) more productive than VGPM estimates predict. Evidence from the literature
also suggests that oligotrophic regions may be more productive than normally assumed. Thus, there
is reason to believe that the approach to estimated water column production presented in this paper
may provide a more representative estimate of the geographic distribution of PP than more
traditional methods of estimating global ocean PP. There are two major advantages with the
proposed new approach to estimating water column PP in comparison with traditional approaches:
1) it directly incorporates consideration of the two factors (light and nutrient availability) known to
control photosynthesis and 2) it would be able to correct for potential changes in the vertical
distribution of PP brought about by changing ocean conditions. For the purposes of developing this
new approach to estimating water column PP, nutricline depth is obtained from climatologies.
However, with the growing fleet of unmanned platforms collecting data in the open ocean, it may
soon be possible to obtain real-time data regarding the depth of the nutricline.

The focus in Chapter 4 was on the vertical distribution of phytoplankton in the water column and it
was noted that the position of deep chlorophyll maxima in the ocean can be related to the depth of
the nutricline. This observation led the author to explore whether the vertical distribution of PP in
the ocean can also be related to the depth of the nutricline. If this were the case, it might possibly
open up for a more realistic parameterisation of the vertical distribution of PP in the world’s ocean.
The results of that enquiry are presented in this chapter.
It has long been recognised that photosynthetic performance differs throughout the water column.
Steemann Nielsen, in his seminal 1952 paper (see Chapter 1) describing the 14C method of
estimating primary production, clearly showed there was a substantial difference in the results
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obtained when primary production was estimated on the basis of one sample (10 m) incubated at
different depths (light intensities) and from samples taken from different depths and incubated at the
depth of collection (Figure 5.1). In fact, on the basis of these observations, Steemann Nielsen
(1952) recommended that 14C incubations for primary production estimates should either be carried
out in situ (i.e. samples returned to the depths at which they were collected) or, when made aboard
ship, that samples should be taken from at the depths of 10 and 1% of surface light penetration for
incubation.
Figure 5.1. Differences in the vertical distribution of water column primary production when
samples from 10 m. were incubated at different depths and when samples were taken from
different depths and incubated at their respective sampling depths. After Steemann Nielsen,
1952.

Accordingly, protocols for estimating primary production in programs leading to a number of the
large historical time series on marine biological data (e.g., HOT, BATS, CARIACO) have based
their primary production estimates on in situ incubations, i.e., where phytoplankton are collected at
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various depths. In such cases, either fixed depths or depths determined based on light attenuation
characteristics of the water column are usually chosen. Following the addition of 14C, the samples
are returned to their respective sampling depths for the duration of the incubation, thus respecting
that the phytoplankton community may respond differently at different depths in the water column.
When remote sensing technologies became available, the advantages of calling them into service in
ocean science and using them in the estimation of primary production were obvious. The gains they
provided in terms of synoptic coverage of large regions and in expenditure in relation to data
collection were enormous but they came at the cost of direct inclusion of any data from below the
immediate surface layer.
The maximum ocean depth from which optical signals can be determined from space is, in general,
~ 10 m (Gordon and McCluney, 1975). Thus, the application of remote sensing to ocean science
necessitates that anything occurring below this depth be estimated on the basis of previous
experience and understanding. Despite the tremendous advances in the understanding of the
importance of subsurface phytoplankton activity for water column productivity and ecology that
have occurred in recent decades, the parameterization of the estimation of water column primary
production based on remotely sensed surface water characteristics has remained essentially
unchanged from when satellite-borne sensors were introduced to marine science. This chapter
explores how newer understanding of phytoplankton ecology might be incorporated into algorithms
used to estimate ocean primary production from remotely collected data.
5.1. Estimation of global ocean primary production via remote sensing
The idea that phytoplankton population in the water column can be treated as a single
photosynthesising unit, and thus described on the basis of surface characteristics, was initially
introduced by Jack Talling (1957). Remember from Chapter 1 that it was generally assumed at that
time that accumulations of phytoplankton below the surface were unimportant for water column
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photosynthesis. Also in 1957, Ryther and Yentsch presented a method of estimating photosynthesis
from chlorophyll and light data. The same year of the launching of the first satellite-mounted
sensor (Coastal Zone Color Scanner) designed to record the bio-optical properties of surface ocean
waters, Smith and Baker (1978) introduced algorithms for estimating the chlorophyll content of
surface waters from bio-optical signals. Thus, the scene was set, based on a mid-20th Century
understanding of phytoplankton ecology, to estimate ocean primary production from space,
although the first global estimate of ocean primary production did not actually appear until the mid1990s (Longhurst et al., 1995). Over time, numerous algorithms/models have been developed to
convert estimates of surface chlorophyll or phytoplankton carbon to estimates of integrated water
column primary production. While all of these acknowledge that photosynthesis is occurring below
the immediate surface layer from which bio-optical signals can be remotely sensed, few explicitly
include an eco-physiological understanding of the vertical distribution of water column primary
production into their models. Instead, they usually convert surface bio-optical characteristics to
integrated water column PP on the basis of statistical analyses of archived chlorophyll fluorescence
profiles.
In addition to a component that relates surface bio-optical characteristics to integrated water column
PP, all of the models used to estimate ocean primary production from remotely sensed surface
ocean are comprised of three components: one that describes the photosynthetic potential of the
community, one that describes the light dependency of photosynthetic performance and one that
describes light availability, including day length (Behrenfeld and Falkowski, 1997a). Obviously, the
ability of these algorithms to represent the actual primary production occurring in the ocean
depends critically on the parameterization of these components and the variation in estimates of
global primary production using different models results from different parameterizations being
applied to the different components in the various modelling approaches.
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The Vertically Generalized Production Model (VGPM) developed by Behrenfeld and Falkowski
(1997b) is one of the most commonly applied models and the one upon which the most often cited
estimate for global ocean primary production, “~ 50 Pg C y-1” is based (Field et al. (1998). This is
an extremely well-cited paper where global ocean productivity is estimated using VGPM to 48.5 Pg
C y-1. Therefore, the VGPM algorithm is used generically in this chapter to represent primary
production results obtained using “traditional” satellite-based estimates.
5.2. Satellite vs. in situ estimates of ocean primary production
Several comparisons have been carried out examining the agreement between model estimates of
primary production made from satellite-based determinations of surface water characteristics and
primary production estimates made from samples collected in situ using the standard 14C method.
These generally demonstrate that satellite-based estimates can only be expected to agree with the
14

C estimates by within a factor of about 2 (+100%). Campbell et al. (2002), for example, compared

results from 12 different algorithms with 89 14C primary production estimates made in the field at
stations covering a wide geographic range. When these data were corrected for identified biases, it
was concluded that 10 out of the 12 algorithms tested provided estimates that were within a factor
of two of the field-based estimates.
Carr et al. (2006) compared the results obtained from 24 algorithms generating estimates of ocean
PP and found the resulting model estimates to also vary by a factor of about two. In addition, those
workers found that the models were most “challenged” in their estimates in waters with very high or
low temperature, areas with high concentrations of chlorophyll and high nutrient-low chlorophyll
(HNLC) regions. Carr et al. (2006) concluded that a greater understanding of the effects of
temperature on photosynthesis and a better parameterization of the maximum rate of photosynthesis
are essential to improving models estimates of water column primary production.
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With respect to the inter-comparison study reported by Campbell et al. (2002), it can be noted that
the 89 14C in situ primary production estimates to which the remote sensing model estimates were
being compared were taken from the literature and, thus, collected by different research groups each
employing their own protocols for collecting such data. An inter-comparison of results obtained
when different research groups estimate in situ primary production using their own protocols for
applying the 14C method (Richardson, 1991) has earlier demonstrated that there can be large
differences in 14C-based primary production estimates obtained by different research groups – even
when the same method is nominally applied on a common water sample. When workers from 7
different laboratories went to sea together and were asked to estimate PBmax (maximum rate of
photosynthesis normalised to chlorophyll) using their own equipment and methods on a common
water sample, the range of reported PBmax varied between 1.4 and 7.8 ( = 3.87 + 2.63). Thus, the
relatively large discrepancies found between satellite-based and field-based estimates of water
column primary production reported by Campbell et al. (2002) may, at least in part, have arisen
from operator and protocol induced error in the field-based data. The Galathea 3 dataset was
collected by the same operators, using the same methods and equipment over the entire study area.
While this will not eliminate, it should at least minimize, operator and method-induced error in the
data set.
The Galathea 3 data are also unique in that the protocol employed actively sought to determine
photosynthetic characteristics and rates of photosynthesis not only in the surface layer (samples
taken from 5 or 10 depending on latitude, i.e., insolation rates) but also at the depth of the DCM.
When a DCM was not present, a second sample was taken at a selected depth below the surface
layer (usually ~ 20 m). Integrated water column primary production was then estimated by applying
the photosynthetic parameters (normalized to chlorophyll) measured in the surface layer sample to
all depths (0.5 m intervals) down to the top of the layer with which the DCM was associated. From
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the top of this layer to the bottom of the euphotic zone (defined as 0.1% surface light penetration),
the photosynthetic parameters measured for the DCM sample were applied.
Hourly production was calculated for each 0.5 m depth layer by multiplying the chlorophyll
concentration estimated for that depth from fluorescence profiles with the appropriate (with respect
to estimated in situ light conditions) chlorophyll normalized photosynthesis rate determined from
the P vs-E curve derived on the basis of the 14C incubations. Light matrices representing the daily
insolation at each depth at the station were created using the hourly weekly averages of surface light
at that geographic position and the light attenuation coefficient calculated for that station (see
Hilligsøe et al., 2011 for a detailed description of methods used). This method thus allows the user
to estimate the vertical distribution of primary production throughout the day.
Protocols based on sampling at specified depths do not necessarily sample in the DCM. Thus, the
Galathea 3 primary production estimates are unique in that they represent a geographically
comprehensive data set that explicitly attempts to estimate the importance of the sub-surface
chlorophyll peak (DCM) in total water column primary production.
The results from three different algorithms used for estimating ocean primary production from
estimates of surface chlorophyll were compared to the results from stations in the Galathea 3 dataset
sampled under cloud-free conditions10. Data for surface optical characteristics from satellite-borne
sensors (MODIS, 8-days observations at high resolution) were obtained from the Ocean
Productivity website at Oregon State University (OSU,

10

The geographic coordinates for sampling were related to the satellite data positions by interpolation over space

and time: The data were interpolated spatially using bicubic interpolation and in time using either cubic timeinterpolation or linear interpolation when the times-series were missing data (Mohamed Adjou and Jørgen Bendsten,
unpublished analysis).
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http://www.science.oregonstate.edu/ocean.productivity) for the period relevant for the Galathea 3
dataset. The three primary production models applied were:


Vertically Generalized Production Model (VGPM) as described by Behrenfeld and
Falkowski (1997b)



The Eppley Vertically Generalized Production Model (VGPME): as VGPM but with the
optimal rate of daily carbon fixation as described by Morel (1991) and the temperature
sensitivity as described by Eppley (1972) and the



Carbon-based Productivity Model (CbPM) described by Behrenfeld et al. (2005) and
modified by Westberry et al. (2008).

The results of the comparisons are shown in Figure 5.2. As has been shown in published
comparisons (e.g., Campbell et al., 2002), considerable discrepancy is seen between the in situ
primary production estimates and estimates made from data collected from satellite-borne sensors.
Campbell et al. (2002) concluded that most satellite-based water column primary production
estimates fall within a factor of two of their corresponding 14C-estimates. However, in the analysis
here, a considerable proportion of the data points fall outside of this error range, depending on the
model being examined.
The errors leading to the discrepancies between the remote sensing and in situ estimates can
potentially arise from a number of different sources. As noted above, the operator and
methodological error associated with the in situ estimates can be assumed to be minimized in this
data set. Another potential source of error could be in the estimation of surface water
characteristics. Therefore, the two VGPM models, which both are based on estimates of surface
chlorophyll, were also calculated using the values for surface chlorophyll, temperature and light
conditions actually measured at the stations where the in situ estimates were made.
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Figure 5.2. Comparison between primary production (“NPP” in the figure) estimates made on
the Galathea 3 dataset (X axes) and three different algorithms for estimating water column
PP from remotely sensed surface ocean characteristics. (A) the standard VGPM model
“VGPMS”, B) VGPM modified according to Eppley (1972) “VGPME” and C) the Carbonbased Productivity Model, “CbPM”. Further details are given in the text.11

When the same input values for these parameters were used for both the in situ and the satellitebased estimates of primary production, the fit was slightly improved between the estimates made
from data collected in situ and taken from satellite-mounted sensors. However, it did not bring all of
the satellite-based estimates to within a factor of two of the corresponding 14C estimates (Figure

11

The unpublished analyses presented in figures 5.2 and 5.3 were conducted by M. Adjou, J.Bendtsen and K.

Richardson
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5.3). This suggests that the major contribution to the discrepancies between the satellite and the in
situ estimates originates from the models, themselves.
Figure 5.3. Comparison between primary production (PP) estimates made on the Galathea 3
dataset (X axes) and (A) the standard VGPM model “VGPMS” and (B) VGPM modified
according to Eppley (1972) “VGPME” when input data on the surface variables SST,
chlorophyll a and light climate are the same.

5.3. Universal relationships relating total water column primary production and the vertical
distribution of primary production to nutricline depth
Although current strategies for estimating marine primary production based on remote sensing by
necessity rely entirely on parameters measured in surface waters, they do of course acknowledge
that photosynthesis is taking place below the surface layer. Most commonly, subsurface primary
production is included in models estimating primary production from surface water characteristics
by assuming a phytoplankton biomass distribution through the water column derived from the
statistical analyses of a large number of vertical chlorophyll fluorescence profiles (e.g. Morel &
Berthon, 1989; Uitz et al., 2006). As discussed in Chapter 2, however, fluorescence profiles cannot
be directly related to either phytoplankton biomass or productivity. Thus, one might predict a nonnegligible contribution to the differences recorded between remote-sensing based and in situ
estimates of ocean primary production to be attributable to the model component relating surface
chlorophyll to total water column primary production.
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Furthermore, estimating the contribution of sub-surface to total water column photosynthesis on the
basis of statistical analyses of chlorophyll profiles assumes that the ratio of surface (the ocean layer
from which remote sensors can assess bio-optical characteristics) to subsurface primary production
will inter-annually remain constant. There is no a priori reason to believe that this should be the
case. Figure 4.9 demonstrated a clear relationship between the vertical distribution of phytoplankton
(chlorophyll) and water column stratification characteristics, specifically, the depth of the nutricline.
While we might expect the general seasonal patterns in water column stratification characteristics to
be similar from year to year at specific sites, various weather phenomena as well as the changing
heat content of the surface ocean in response to climate change might be expected to influence
water column stratification characteristics, including the depth of the nutricline. Such changes in
stratification characteristics would likely also impact the vertical distribution of the photosynthesis
occurring in the water column. Thus, we might expect inter-annual differences in the vertical
distribution of photosynthesis in the water column. This leads to the hypothesis that estimates of
primary production based on remote sensing of surface ocean characteristics might be improved if
the contribution of sub-surface to total water column primary production could be better
constrained.
With this in mind, the Galathea 3 dataset was examined for potential patterns in both the total water
column primary production and the vertical distribution of primary production in relation to water
column stratification properties. Phytoplankton photosynthesis is controlled by access to light and
nutrients (see Chapter 3). Light is supplied from the surface and decreases exponentially with depth.
Nutrients are – at least in offshore regions – generally supplied from below. The depth distance
between the surface and the nutricline varies in different parts of the ocean (as do the mixing
characteristics of the water column which potentially deliver nutrients from below the nutricline to
the light-richer layers above). In Chapter 4, we saw that the depth of the nutricline is important in
structuring the vertical distribution of chlorophyll/phytoplankton, i.e. the depth of the DCM. It
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stands, therefore, to reason that nutricline depth might also be important in controlling total water
column primary production and the vertical distribution of primary production.
Indeed, examination of the Galathea 3 data set did suggest potentially universal patterns between
total primary production (Figure 5.4A) and the percentage of water column production taking place
in the surface layer (upper 10 m; Figure 5.4C; Table 5.1) and the depth of the nutricline. To explore
whether these patterns are truly universal, three sets of time-series data (HOT (Karl and Lukas,
1996); BATS (Fujieki et al., 2007) and CARIACO (Lomas et al., 2013)) were also examined.
These time series were selected because their protocols require that they report results of in situ
primary production determinations. In other words, samples are retrieved from various depths in the
water column, 14CO2 added, and the samples returned to the sampling depths for incubation. Thus,
these were the only large data sets we could find in the literature from which it was possible to
reconstruct the vertical distribution of primary production at the time of sampling. While these three
data time series do not substantially extend the geographic extent of the Galathea 3 data set, they do
greatly increase the seasonal distribution of sampling. Both with respect to total water column
primary production vs nutricline depth (Figure 5.4B) and the vertical distribution of primary
production (Figure 5.4D) the emerging patterns confirmed the relationships found in the Galathea 3
data set (Richardson and Bendtsen, 2019).
Figure 5.4. A) Total PP from Galathea 3 observations and B) from the three time series
stations (HOT, light gray bullets; BATS, black circles; CARIACO, dark gray diamonds). C)
fraction of PP occurring above 10 m versus DNO3 and D) the corresponding values from the
time series stations. From Richardson and Bendtsen, 2019.
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Total water column primary production decreases as the nutricline depth increases to ~90 m and
remains relatively constant in regions with a deeper nutricline, i.e., in the oligotrophic regions
where the DCM is generally located above the nutricline. Total water column primary production
does not appear to exceed ~1000 mg C m-2 d-1 in these deep nutricline regions. This is on the order
of half of the maximum daily primary production estimates made in waters with a shallower
nutricline. That total water column primary production is shown clearly to relate to nutricline depth
suggests that potential changes in nutricline depth may be an important factor to consider when
attempting to predict the magnitude and patterns of primary production in the future ocean.
The percentage of water column primary production taking place below 10 m gradually increases
with increasing nutricline depth until the nutricline reaches a depth of ~ 90 m where it then
stabilizes with approximately 90% of primary production occurring below the surface layer. Both
with respect to total primary production and the vertical distribution of primary production, the
shapes of the curves enclosing the data points on the graphs are reminiscent of the exponential
curve describing light attenuation, thus suggesting that light availability at the nutricline may be
driving the macroecological patterns that emerge here. Closer examination of the BATS, HOT and
CARIACO times series data further support the interpretation that light availability at the depth of
the DCM is a controlling factor for the magnitude of total PP occurring there.
In Figure 5.5, the seasonal variability in PP at the three time-series stations is examined. At the
HOT station, where little seasonal mixing occurs, the highest values of water column PP are
recorded around the summer solstice, i.e., day of year (DOY) ~180, and the lowest around the
winter solstice (Figure 5.5 A, B). At the two other stations (Figure 5.5, C-F) where upward mixing
of nutrients– especially during the first few months of the year – is more common, the highest
values of PP are found in association with this mixing, i.e., when the depth of the nutricline
reduced.
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Figure 5.5: Total PP from the HOT (bullets), BATS (triangles) and CARIACO (diamonds)
time series stations versus DNO3, defined by two different levels of nitrate concentrations
(A,C,E: 1 µM; B,D,F: 0.1 µM). The day of the year (DOY) of observations is shown with
colors.

The relationship between the depth of the DCM and nutricline depth was shown in Chapter 4 to be
statistically different in the layers where the nutricline is near the surface (< 20m), 20-90 m and >
90 m (Figure 4.9D). Therefore, these depth layers are also considered separately in the analysis
below where the identified relationship between nutricline depth and the vertical distribution of
water column production is used to estimate total global primary production.
207

5.4 A new approach for relating surface chlorophyll to integrated water column primary
production
As a first step in applying the macroecological patterns identified in Richardson and Bendtsen
(2019) to the estimation of global ocean PP, the PP occurring in the upper 10 m was calculated.
This was done using satellite (MODIS) data found at the Ocean Productivity site
(http://www.science.oregonstate.edu/ocean.productivity) and applying the calculation of primary
production described by Webb et al. (1974):

In order to allow direct comparison between the approach for estimating global primary production
presented here and more traditional approaches, the photosynthetic parameters used in the VGPM
algorithm (Behrenfeld and Falkowski, 1997b) were applied (see Richardson and Bendtsen, 2019
for details). This analysis indicates that ~12 Pg C y-1 are produced by PP in the upper 10 m of the
global ocean (Table 5.1). The global distribution of this surface production is shown in Figure 5.6.
Figure 5.6. Annual averaged primary production (2003-2013) in the upper 10 m (PP0-10m).
From Richardson and Bendtsen, 2019.
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The relationship between the vertical distribution of water column primary production and
nutricline depth was then used to convert estimates of primary production occurring in the upper 10
m to total water column production. Nutricline depth for each month was derived from Garcia et al.
(2010) and the average percentage of primary production recorded in the upper 10 m in each of the
nutricline depth intervals identified above (i.e., < 20 m, 20-90 m, and > 90 m) determined. From
these averages, the total water column PP was estimated by applying the data-derived ratio, γ, i.e.
PP0-10m over total PP.
The relevant γ was then applied to the estimated primary production in the upper 10 m for the ocean
area represented by the respective nutricline depth intervals. The resulting global estimate of
primary production is denoted VPP (Vertical Primary Production derived from 10 m estimate). The
relative importance of subsurface phytoplankton for ocean production is emphasized by the fact that
global primary production in the upper 10 m of the water column is estimated to only account for
~25 % global ocean primary production (Table 5.1). While the estimates for total ocean primary
production made by applying VPP and VGPM are remarkably similar, the geographic distribution
of primary production differs considerably between the two approaches (Figure 5.7). Westerberry et
al. (2008), using an approach that also takes niticline depth into conderation also reported a
markedly different geographic distribution of global PP than that found using VGPM.
Specifically, areas with deep nutriclines, i.e. the large oligotrophic stretches of the global ocean
associated with sub-tropic gyres, are estimated to be ~ 40% more productive when using the VPP
model applying the vertical distribution relationship identified in Tables 5.1 and Figure 5.4 to
estimate water column primary production than when using VGPM. Behrenfeld et al. (2005), when
introducing the Carbon-based Productivity Model noted that model also indicates higher primary
productivity in oligotrophic regions than the VGPM. Other studies (e.g., Fawcett et al., 2014;
Stanley et al., 2015) have also suggested that PP may be higher in the Sargasso Sea than previously
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assumed. Thus, there may be good reason to reconsider the currently accepted estimates of primary
production for oligotrophic regions of the global ocean.
Table 5.1. Global primary production in the upper 10 m (PP0-10m) calculated from satellite
derived surface fields in the three nutricline depth intervals. Data derived ratio (γ) of PP010m/total PP derived from data (see Richardson and Bendtsen, 2019) is used for estimating
total global PP from PP0-10m (VPP). Global PP is also calculated by the VGPM-model for
comparison. All calculations are based on photosynthetic parameters applied in the VGPMmodel. Mean values and standard errors are shown for γ (s.e.m, and number of samples in
parenthesis) and averages and standard deviations from all 8 days periods in 2003-2013
(n=58) are shown for the global VPP and PPVGPM-estimates.
DNO3

γ

PP0-10m

VPP

PPVGPM

[m]

[%]

[Pg C y-1]

[Pg C y-1]

[Pg C y-1]

<20

31.0±2.3 (61)

9.0±0.8

28.7±2.4

30.9±2.7

20-90

19.0±2.4 (30)

2.3±0.2

12.2±1.1

10.9±0.7

>90

10.7±1.6 (15)

0.9±0.1

8.6±0.5

6.1±0.3

Total

-

12.1±0.9

49.3±3.4

47.8±3.3

While a clear relationship between the vertical distribution of water column primary production and
the depth of the nutricline emerges both in the Galathea 3 and in archived data (Figure 5.4), there is
relatively large variability in the data (statistics for the Galathea 3 dataset given in Table 5.2). In all
data examined, the most consistent is the relationship found for the deep (> 90 m) nutricline
stations. In the Galathea 3 dataset, there are only 16 stations sampled where the nutricline was > 90
m. However, these 16 stations represent a wide geographic range (Sargasso Sea, Solomon Sea,
Eastern Atlantic, Southern, and Indian Oceans). All of these samples are associated with
oceanographic features that generate fairly similar conditions over large geographic regions
(oligotrophic subtropical gyres share similar characteristics in all ocean basins; Pedlosky, 1990).
Thus, despite the fact that there are relatively few stations represented in the data examined where
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nutricline depths are > 90 m, the consistency of the results found for these deep nutricline stations
lends confidence to the result.
Figure 5.7. Ratio between annual averaged total Primary Production calculated from VPP
and PPVGPM. From Richardson and Bendtsen, 2019.

When the nutricline is shallower than ~90 m, there is considerably more variability in the
percentage of water column primary production occurring below 10 m than for stations with a
deeper nutricline. This may, in part, be due to the fact that the nutricline in this study is represented
by the nitricline. In regions where nutrients other than nitrogen are shaping phytoplankton
distributions and activity, we would not expect a clear relationship to be found with the nitricline. In
addition, local oceanographic dynamics and seasonal differences in production patterns may be
contributing to the variability recorded. Further work clearly needs to be carried out in order to
better constrain our understanding of the vertical distribution of primary production. However, that
it is possible to discern a relationship such as that presented in Figure 5.4 offers hope for new
approaches that may improve the component relating surface chlorophyll to integrated water
column primary production in models estimating global ocean primary production from remotely
sensed surface variables. These relationships may be particularly useful when used in conjuction
with the evolving approach for estimating PP from surface water characteristics from which
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phytoplankton physiological and biomass metrics other than chlorophyll can be derived (e.g., Silsbe
et al., 2016).
5.5. Revisiting the parameterization of photosynthesis in the estimation of global ocean primary
production
It is striking in Table 5.1 that the VPP approach to estimating global primary production returns an
almost identical result as the VGPM model. This, however, is only the case when the
photosynthetic parameters used in VPP are identical with those applied in VGPM. Obviously,
global ocean primary production estimates will be highly dependent on the parameterization of
photosynthesis. Indeed, when they introduced the VGPM model for estimating global ocean
primary production, Behrenfeld and Falkowski (1997b) argued “that productivity algorithm
performance is primarily dependent on the accuracy to which PBopt can be modelled” (where their
PBopt will be the same as PBmax for surface waters). Those authors went on to suggest
“that improvements in PBopt estimates require that ecophysiological approaches be adopted that
consider how spatial variability in the physical and chemical characteristics of different water
bodies act upon the physiological state of natural phytoplankton assemblages. In other words,
improvement of productivity algorithms is dependent not on improved mathematical formulation or
finer detail in the physics of light attenuation and absorption, but on improvement in our
understanding of phytoplankton ecology and photophysiology.”
When the average values for PBmax in the Galathea 3 dataset (Table 5.2; Figure 5.8) were used for
estimating global ocean primary production, the average total annual production for the period
2003-2013 was 34% lower than the estimate made using the VGPM photosynthetic
parameterization. How the parameterization used by Behrenfeld and Falkowski (1997b) to represent
maximum rates of photosynthesis normalized to chlorophyll in the VGPM model compares with
those found in the Galathea 3 dataset can be seen in Figure 2.6. We have, of course, no way of
knowing whether the photosynthetic parameters recorded in the Galathea 3 dataset or those used in
the VGPM parameterization most closely approximate those found in nature but it is well known
(e.g., Carr et al., 2006) that different models deliver very different estimates of ocean primary
production and that these models are sensitive to the parameterization of photosynthesis
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(Behrenfeld and Falkowski, 1997b). Nevertheless, the uncertainty associated with primary
production estimates generated from remote sensing of surface ocean characteristics is often either
not recognised or ignored when these estimates are used in Earth System modelling.
Table 5.2. Distribution of photosynthetic parameters. Mean values, standard errors (s.e.m,
number of samples n in parenthesis) of photosynthetic parameters and the fraction of
accumulated primary production above 10 m in intervals of nutricline depths. The
significance of difference between surface and DCM values is calculated by Student's t-test
probabilities (p, significant values where p<0.05 are marked with two asterisks). Differences
among values from the surface and DCM, respectively, were analysed by ANOVA and
significantly different mean values (p<0.05) in the three nutricline depth intervals are
indicated by an asterisk. From Richardson and Bendtsen, 2019.

Another problem with global PP estimates based on the remote sensing of the bio-optical
characteristics of the surface ocean is that they only consider the formation of the particulate
organic products of photosynthesis. The new approach proposed here for estimating global PP from
surface water characteristics does not address this problem. However, as we saw in Chapter 1, the
production of dissolved organic carbon (DOC) by phytoplankton can be considerable and may be
highly variable in its magnitude. DOC is also important both for food webs and in carbon cycling in
the Earth System. A better understanding of the factors controlling global patterns in both DOC
production by phytoplankton and photosynthetic performance should, therefore, be a priority in our
attempts to describe the role of phytoplankton in the Earth System.
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Figure 5.8. Photosynthetic parameters of surface layer values (bullets) of (A) maximum rate
of photosynthesis (PBmax) and (C) the slope of the photosynthesis vs. irradiance curve (αB) and
the corresponding values at the DCM (squares) of (B) PBmax and (D) αB shown versus the
nutricline depth (DNO3). Units of PBmax and αB are [μg C (μg Chl h)–1] and [μg C (μg Chl h μE
m–2 s–1)−1], respectively. From Richardson and Bendtsen, 2019.

There can be many different sources of error in estimating the actual PBmax in different ocean
regions. The dataset upon which Behrenfeld and Falkowski (1997b) base the parameterization used
in VGPM is large (~ 1700 data points) and includes data from samplings made over a wide
geographic range. However, ~ 1200 of the sampling sites in that dataset were on the continental
shelf of North America. Less than 100 come from polar sampling and the rest are distributed over
oligotrophic and upwelling regions as well as other temperate regions. Thus, while the dataset is
large, it is not geographically well balanced. In addition, their dataset was assembled from different
studies where different protocols were used. As noted above, this also can introduce error
(Richardson, 1991).
A survey of the literature (Table 5.3) where PBmax has been reported for natural phytoplankton
populations reveals that both the Behrenfeld and Falkowski (1997b) PBopt parameterization and the
values in the Galathea 3 dataset fall within the range of those reported.
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Table 5.3. Literature survey of PBmax reported for natural phytoplankton populations (from
Richardson et al., 2016).
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When mean values of PBmax are reported, they are consistently below 7.0 and often much lower (all
means reported at high latitudes are, for example, < 3.0). The ranges reported for PBmax are,
however, rather large. Values of up to ~ 10 are not infrequently reported and, occasionally, values
of 30 or more are found in the literature. It is not clear whether these very high values are artefacts
(outliers) or under what conditions they may naturally occur. The literature does, however, identify
some of the factors that are likely leading to variability in PBmax.
Laboratory and field studies (see Chapter 2) have identified a number of environmental parameters
in addition to temperature that may influence PBmax. The results of the studies identified in Table 5.3
suggest that many of these parameters may be quantitatively important under natural conditions as
well. Palmer et al. (2013) working in Arctic waters found no correlation with temperature. They
did, however, find a significant (p < 0.01) correlation with nitrate + nitrite. PBmax values as high as
5-6 were found in that study but only when nitrate values were > 10 µmol kg-1. In addition to
identifying nutrient conditions as potentially being important for determining PBmax , various studies
identify ambient light conditions, size structure of the phytoplankton community, time and season
of sampling as factors potentially important in establishing PBmax under natural conditions.
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It is also clear from the Galathea 3 dataset that a variety of environmental factors may be important
in determining PBmax (see Chapter 2). In the surface waters in regions where the nutricline > 90 m,
PBmax is significantly lower than in the surface waters of regions where the nutricline is located
higher up in the water column. This suggests a nutrient and/or photoinhibition effect on PBmax here.
Average PBmax was actually highest in surface waters where the nutricline depths were found at 2090 m (although not significantly higher than when the nutricline was nearer the surface). If PBmax is,
indeed, lower in regions with a shallow nutricline, this would likely imply photoinhibition and/or
nutrient limitation (note that samples taken in HNLC regions would be included here) to be
occurring here. Finally, PBmax is consistently higher at the surface than at the DCM. This would be
expected as a consequence of adaptation to the low light intensities by phytoplankton at the DCM
(see Chapter 2).
The αB-values found in the Galathea 3 dataset are significantly lower for surface waters than the
corresponding values measured at the DCM. In areas where the nitricline is located below 20 m, the
αB-values at the DCM range between 3.3 and 3.7 whereas significantly lower values (1.5 - 2.7) are
determined in surface samples in areas with deeper nitricline depths. In areas where the nitricline is
shallow and less than 20 m, the αB-values at the DCM are seen to be significantly higher than the
corresponding values at the surface, indicating photoadaptation of the phytoplankton at the DCM
even when the nitricline is located relatively near the surface.
We see, then, that there is considerable uncertainty regarding the distribution of photosynthetic
parameters in the global ocean. It seems likely that this uncertainty stems not only from
methodological uncertainty arising from determination of photosynthetic parameters (Richardson,
1991) but also from an incomplete understanding of the factors controlling these parameters. The
analysis of the Galathea 3 dataset in Chapter 2 and the review of the literature in this chapter show
that photosynthetic parameters correlate with multiple environmental factors and that many of these
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environmental factors are inter-correlated. Thus, the underlying factors determining photosynthetic
parameters under different conditions in the global ocean remain poorly constrained.
It has been shown here that the photosynthetic parameters applied in VGPM are in the high range of
those reported in the literature. Thus, the VGPM model may be returning a high estimate of global
ocean primary photosynthesis. Usually, however, in Earth System considerations, the uncertainty
associated with the estimate of ocean primary production is not acknowledged. Clearly, further
work on the physiology of photosynthesis in the ocean is needed in order to better constrain
estimates of global ocean primary production.
5.6. Chapter: Summary
The ability of models to estimate ocean primary production from remotely sensed surface water
characteristics is critically dependent on the strategies they employ to convert bio-optical
characteristics of surface waters to integrated water column primary production, as well as the
model’s representation of the photosynthetic potential of the phytoplankton communities present.
This chapter focuses on the presentation of a new approach for converting bio-optical
characteristics of the surface ocean to integrated water column PP. This approach is based on
macroecological patterns identified in the magnitude of total PP and the vertical distribution of PP
in relation to nutricline depth. Both these macroecological patterns and the new approach to
estimated global ocean PP are presented in
Richardson, K. and Bendtsen, J. (2019) Vertical distribution of phytoplankton and primary
production in relation to nutricline depth. Marine Ecology Progress Series, 620, 33-46 doi:
10.3354/meps12960
and this publication is appended for evaluation.

Results obtained using this new approach suggest that the geographic distribution of primary
production in the world’s oceans may be different from that generally found using models in which
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the estimation of integrated water column primary production is based on statistical analysis of
chlorophyll fluorescence profiles. Furthermore, the chapter emphasizes that a more refined
approach to the parameterization of photosynthetic potential would likely improve the reliability of
models estimating ocean primary production from remotely sensed surface water characteristics.
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Chapter 6: Looking towards the future
Chapter 1 concluded by arguing that a better understanding of both the amount of photosynthesis
occurring in the ocean and the magnitude of the sequestration of the carbon fixed through
photosynthesis is necessary in order to better constrain the interactions between biological processes
and the global carbon cycle, and thereby, to more accurately project how climate conditions on
Earth may develop in the future. Two of the author’s recent papers were appended for evaluation
that underscore this argument.
Accordingly, the aim of this study is
To identify macroecological patterns in the distribution and activity of phytoplankton and use
these to improve estimation of photosynthesis (primary production) in the global ocean.

Therefore, Chapters 2-5 focused on identifying knowledge needed to improve estimates of global
ocean PP. Papers have been presented for evaluation that identify previously unrecognized
macroecological patterns regarding phytoplankton and their activity These patterns relate to
relationships between:


Phytoplankton community size structure and temperature (Hilligsøe et al., 2011; Mousing
et al., 2014)



Phytoplankton community size structure and ambient inorganic nutrient concentrations
(Mousing et al., 2018)



Phytoplankton size and photosynthetic performance (Richardson et al., 2016)



Position of deep chlorophyll maxima and nutricline depth (Richardson and Bendtsen,
2019)



Total water column primary production and nutricline depth (Richardson and Bendtsen,
2019)



Photosynthetic parameters (PBmax and αB) and nutricline depth (Richardson and Bendtsen,
2019)



Vertical distribution of primary production and nutricline depth (Richardson and
Bendtsen, 2019) and
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Nutrient runoff from land and the vertical distribution of primary production (Lyngsgaard
et al., 2014).

In Chapter 5, the relationships identified concerning the vertical distribution of phytoplankton and
their photosynthesis were used to suggest a new approach for estimating the magnitude of primary
production in the global ocean. In contrast to the most commonly used algorithms for estimating
global ocean primary production, this new approach is not based on the assumption that the vertical
distribution of photosynthesis in the ocean remains constant over time. This may prove to be
especially important as we attempt to estimate how climate change may impact global ocean
primary production.
At present, there is a general consensus that climate change will result in a reduction of ocean
primary production (e.g. Hoegh-Guldberg and Bruno, 2010 and references therein; Bopp et al.,
2013). This conclusion is based on the understanding that the magnitude of primary production in
the ocean is ultimately controlled by the availability of nutrients in the euphotic zone (e.g.,
Falkowski et al., 1998). Warming of ocean surface waters then is predicted to increase the intensity
of stratification and, thus, reduce delivery of nutrients to surface waters leading to a concomitant
decrease in global ocean primary production.
Analyses of primary production estimates based on the optical characteristics of the surface ocean
do, indeed, demonstrate a relationship between estimated ocean primary production and climate
conditions (Behrenfeld et al., 2006). Also on the basis of satellite-based estimates of primary
production, it has been suggested that global primary production has decreased by > 6% over the
period since the early 1980s (Gregg et al., 2003). Recognizing the relationships presented in
Figures 4.9 and 5.4 demonstrating relationships between water column stratification conditions,
phytoplankton distributions, and total water column primary production leads, however, to the
conclusion that it may not be changes in the intensity of thermal stratification that are important for
projecting future PP in the ocean but, rather, changes in the depth of the nutricline.
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Nutricline depth can be related to the vertical distribution of primary production in the water
column but where and when nutrients are delivered to the system will also impact this vertical
distribution. In Chapter 4, we saw that inter-annual variability in the vertical distribution of primary
production in stratified coastal waters is dependent on the magnitude of land-based nutrient runoff
(Lyngsgaard et al., 2014). Also in that chapter, it was argued that mixing events in the intermediate
depth layers (leading to temporary changes both the nutricline and DCM depth) are potentially
important both for the magnitude of PP and for its vertical distribution (Richardson et al., 2014;
Richardson and Bendtsen, 2017, Bendtsen and Richardson, 2018).
Until now, very little consideration has been given to the variability in the vertical distribution of PP
in the global ocean. From Richardson and Bendtsen (2019), however, we see that it may be only
~25% of total global ocean primary production that actually occurs in the upper 10 m, i.e. the
approximate region of the ocean from which optical signals can be registered by satellite-mounted
sensors (see Chapter 5). Furthermore, this percentage varies from ~10% in oligotrophic regions up
to ~80% in regions with a shallow or non-existent nutricline. Thus, there would be obvious
advantages with the widespread adoption of an algorithm for estimating ocean primary production
based on more eco-physiological consideration of the vertical distribution of primary production in
the water column than has historically been the case. A proposal for such an algorithm is presented
in Richardson and Bendtsen (2019).
Nutricline depth cannot be directly determined by remote sensing from space. However, the
growing fleet of non-moored remote sensing platforms in the ocean offers the promise that nearly
real-time data allowing a 3-D description of the nutrient and chemical conditions in the ocean (e.g.,
Johnson et al., 2010) may be a reality in the not too distant future. Thus, basing estimates of global
ocean PP on a combination of the optical characteristics of the surface ocean and the real time
position of the nutricline may actually soon be feasible.
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Richardson and Bendtsen (2019) present data suggesting that PP in oligotrophic regions (i.e.,
where the data analyzed here indicate that only about 10% of water column primary production
takes place in surface waters, Figure 5.4) may be underestimated using conventional algorithms for
estimating global primary production from satellite collected data. This is potentially important as it
has been demonstrated, again using signals only collected by satellite-mounted sensors examining
the immediate surface layer of the ocean, that the area of the oligotrophic regions of the global
ocean has increased by 15% between 1998 and 2006 (Polovina et al., 2008). Those and other
workers (e.g. Hoegh-Guldberg and Bruno, 2010; Behrenfeld et al., 2006) have used this observation
to argue that climate change may already be decreasing ocean productivity. However, papers
presented here for evaluation (Richardson et al., 2014; Richardson and Bendtsen, 2017) along
with other studies (McGillicuddy et al., 1998; Oschlies and Garcõn, 1998; Ledwell et al., 2008)
suggest that the driver of new primary production in the oligotrophic sub-tropical gyres may be
vertical mixing of nutrients to the DCM by the most intense mesoscale eddies. If so, climate change
might actually increase the magnitude of new PP in oligotrophic regions by increasing the number
of strong eddies passing through the system and, thus, the delivery of nutrients to the DCM.
Taken together, then, the results presented in several of the papers comprising this thesis suggest
that the intensity of thermal stratification may not be the most important driver of primary
production in a future ocean as most Earth System models assume (e.g., Bopp et al., 2013). Instead,
the studies presented here suggest that nutricline depth and, at least in some regions, the processes
responsible for vertical mixing near the base of the euphotic zone (Richardson et al., 2014;
Richardson and Bendtsen, 2017; Bendtsen and Richardson, 2018) may potentially be of greater
importance.
The modification of the method used to estimate global ocean PP from remotely sensed surface
water characteristics proposed by Richardson and Bendtsen (2019) (see Chapter 5) does not
directly consider such mixing processes. However, it does indirectly bring them into account by
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relating water column PP to a proxy for nutrient availability, i.e., the depth of the nutricline.
Although both light and nutrient availability are known to control photosynthesis, the conversion of
surface water data to integrated water column PP has, until now, not directly incorporated
consideration of nutrient distributions in the water column. Thus, the proposed modification in
approach to estimating global ocean PP represents an important move towards the inclusion of the
actual processes critical for determining total water column PP.
The Richardson and Bendtsen (2019) study also emphasizes the sensitivity of the models used to
estimate global PP to the parameterization of photosynthetic rate. This sensitivity has long been
recognized (e.g., Behrenfeld and Falkowski, 1997). The review of in situ measurements of
photosynthetic parameters presented in Richardson et al. (2016) indicates that the parameters used
in the commonly used VGPM estimate of ocean PP are on the high side of those recorded. The
study furthermore reports photosynthetic parameters to vary with several environmental and
biological features. Parameterization of photosynthetic parameters in the VGPM model takes only
the variation of photosynthesis with temperature into account. The Richardson et al. (2016) study
thus suggests that more thorough examination of photosynthetic parameters in relation to
environmental features could lead to a more accurate parameterization of photosynthesis in the
global ocean.
Quantifying the magnitude of photosynthesis was identified in Chapter 1 as being essential for
understanding the global carbon cycle and the role of biological processes in establishing the state
of the Earth System. To quantify the relationship between photosynthesis and the global carbon
cycle, however, it is also necessary to know how much of the carbon becomes stored or
“sequestered”, i.e., remains for a period of time unable to exchange with and, thereby, influence the
concentration of carbon containing gasses in the atmosphere. Here, the situation is very different
with respect to the fate of carbon fixed by photosynthesis on land and in the ocean.
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On land, the carbon fixed through photosynthesis becomes sequestered in the biota, which contains
around 500 Gt of C (Bar-On et al., 2018). By far the greatest of this carbon storage is in plants
(Figure 6.1). In the ocean, only about 3 Gt C is primarily in bound up in biota (Ciais et al., 2013).
Figure 6.1. The distribution of carbon in the global biota. From Bar-On et al., 2018

Nevertheless, approximately equal amounts of carbon are annually taken up from the atmosphere
and sequestered on land and in the ocean (Ciais et al., 2013). This means that while carbon
sequestration on land can be approximated by estimating the magnitude of photosynthesis,
estimating the magnitude of photosynthesis in the ocean will not be a good representation of the
amount of carbon sequestered.
In the ocean, the biological sequestration of carbon occurs when organic material produced in the
surface layer sinks to below the permanent thermocline, where – even if it is broken down by
bacteria and released as CO2 – it cannot exchange with the atmosphere and influence the
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concentration of greenhouse gases there. This transfer of biologically incorporated carbon from
surface to deep waters of the ocean is referred to as the “biological pump” (see Chapter 1).
New primary production (sensu Dugdale and Goering, 1967; see Chapter 1), which is based on
allochthonous nitrogen, leads to the export of carbon from surface to deeper ocean layers. The
fraction of total PP that is new varies spatially in the ocean both geographically and over depth in
the water column. Furthermore, there are no bio-optical signals by which new PP can be
differentiated from regenerated PP. The remote sensing of surface water characteristics can,
therefore, never lead to estimates of new PP although some attempts (e.g., Laws et al., 2011) have
been made to estimate new production from surface sea surface temperature and bio-optical
characteristics.
Richardson et al., (2014), Richardson and Bendtsen (2017) and Bendtsen and Richardson
(2018), along with several other texts discussed in Chapter 4, suggest that photosynthesis occurring
in the DCM may be particularly important in stratified water columns. These studies furthermore
indicate that the new production occurring here may be episodic, thus making it particularly
challenging to quantify. The current strategy for estimating new PP is through estimates of N
(nitrate) delivery to/use in the euphotic zone. The models used to do so, however, do not generally
contain a representative description of dipycnal nutrient exchanges and, thus, the nutrient dynamics
in relation to the DCM. Here, again, the growing fleet of remote sensing platforms found in the
ocean may provide the opportunity to collect real-time data that can help us to better describe the
spatial and temporal distribution of new PP in the ocean.
Even when better equipped with estimates of new PP, however, we are still not equipped to estimate
the actual amount of carbon fixed through photosynthesis that becomes sequestered in the ocean.
The fraction of new PP that, ultimately, becomes sequestered will be a function of how much of the
biological material based on this production sinks out of the surface layer and where in the global
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ocean this new PP occurs. The fraction that sinks from surface to deeper waters will, in part, be
determined by the rate of decomposition of the material as it sinks. Bendtsen et al. (2015) quantified
the temperature effect on bacterial degradation of both particulate and dissolved organic material in
the surface waters of the global ocean. It is, therefore, now possible to estimate how ocean warming
may influence the amount of material being exported from surface to deep ocean. The amount of
biological material being exported will, however, also be a function of the form in which it is
“packaged”.
Small cells will sink more slowly than large cells. Hilligsøe et al. (2011) and Mousing et al. (2014)
demonstrated that small cells are more likely to thrive in a warmer ocean than large. We can also
expect some species or groups of phytoplankton to sink more readily than others. Rynearson et al.
(2013) described a situation where carbon export from surface to deep ocean layers was dominated
by a single diatom species. Those workers suggested that the life history of that species, i.e. that its
life cycle contains a stage with resting spores, might render it particularly likely to contribute to
carbon transfer from surface to the deep ocean. Such transfer is, however, most likely to lead to
sequestration when it occurs over the open ocean, i.e. not over the continental shelves. Jensen et
al. (2017) presented a modelling study suggesting that changes in ocean conditions induced by
climate change may change the global distribution of individual species in such a way that their
potential to contribute to carbon sequestration is reduced. Thus, both phytoplankton biodiversity
and biogeography are important in determining the magnitude of biologically mediated carbon
sequestration in the ocean.
Changes in the abundance of specific taxonomic and functional groups, i.e. diatoms, as well as
potential changes in plankton community size structure (ecosystem structure), are beginning to be
included in models addressing the potential impacts of climate change on ocean new PP and
biologically mediated carbon sequestration (e.g. Fu et al., 2016; Britten and Primeau, 2016; Tréguer
et al., 2018). However, a much better understanding of how different species individually and in
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consort with other organisms (communities) contribute to carbon sequestration is still needed in
order to properly constrain the influence of phytoplankton biodiversity and biogeography on carbon
cycling in the Earth System.
Because of their extremely small sizes, it has until recently been nearly impossible to study entire
phytoplankton communities at the species level and, therefore, it has not been possible to address
these kinds of questions in phytoplankton ecology. Throughout most of the history of the study of
phytoplankton, it has only been possible to study the communities comprised by these organisms by
examining bulk/average characteristics of the community as a whole (and it is, therefore, only for
these bulk parameters that there today exist enough data to identify the macroecological patterns
reported in this study). Now, thanks to the recent development of advanced molecular genetic
methodologies, we have the promise of exciting new capabilities to describe phytoplankton
communities at the taxonomic level. This, in turn, provides hope that we soon will be able to
identify different phytoplankton community types and to develop an understanding of how these
different community types (and species) influence the ecosystems of which they are a part as well
as their individual contributions to biogeochemical cycling.
The emergence of molecular genetic methodologies has also given us cause to examine our
assumptions about the distribution of phytoplankton in the ocean. It has long been assumed that, as
water masses mix, so will phytoplankton and that if we wait long enough, all phytoplankton will be
mixed everywhere. Therefore, it came as a surprise when molecular analyses revealed great genetic
diversity within species, even over relatively short distances. How does this diversity develop and
how is it maintained? Mousing et al. (2016) offer the tantalizing suggestion that short-lived submesoscale fronts (hydrographic discontinuities) can serve as dispersal barriers for phytoplankton. At
the same time, the conditions generated on either side of these fronts may be sufficiently different
as to provide different niches within which phytoplankton can develop and the communities on
either side of the front diverge from one another. Phytoplankton generation times are short – hours
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to days. Thus, even ephemeral fronts that hold communities/populations separated for up to a few
weeks can, potentially, have an important role to play in maintaining phytoplankton genetic
diversity – perhaps even speciation! Interactions between phytoplankton and sub-mesoscale
oceanographic processes are, thus, a research focus that undoubtedly will receive increased
attention in the coming years.
The most pressing challenge in the study of phytoplankton and their ecology now, however, is the
acquisition of a better understanding of their role in the Earth System. Human activities are
documented to be operating as a quasi-geological force, i.e. one that is capable of changing the state
of the Earth System (ES) as a whole. The most obvious manifestation of human impacts on the ES
is climate change (IPCC, 2014) but human impacts are seen at the global level in several other ES
compartments and processes (Rockström et al., 2009; Steffen et al., 2015). The ocean covers 71%
of the Earth’s surface and the biological (i.e. element cycling) and chemical/physical (i.e., heat
storage, currents, ocean-atmosphere fluxes) processes that occur within it are essential components
of the ES. The individual processes within the ES can, in themselves, be directly impacted by global
change. In addition, however, these biological and physical processes interact. The consequences of
many of these interactions on ES function are, at present, difficult or impossible to predict.
Thus, the course of the next phase in the study of marine phytoplankton appears to be set. At the
time of Victor Hensen, no one imagined that phytoplankton could be important for more than the
production of fish. We now realize that these tiny organisms are important for both the
establishment and the maintenance of the very environment upon which we as a species depend.
This fact alone ensures that the coming phase in the study of marine phytoplankton will be the most
interesting and exciting to date in the history of our relationship with phytoplankton.
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