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Roughly one-half of the net primary production on Earth 
occurs in the ocean, yet the spatially integrated biomass of the 
dominant marine photoautotrophs, phytoplankton, is only 

around 1% of the plant biomass on land1,2. The major contribution 
of phytoplankton (order 50 Pg C yr−1) to biospheric production in 
part reflects the far greater area of the ocean and its less extreme 
seasonal cycles in growth conditions, but the stark contrast in total 
production-to-biomass ratios between land and ocean indicates 
a fundamental difference in system functioning. On average, the 
turnover time for the entire global phytoplankton biomass is a 
mere 2 to 6  days (refs  1,3), and across the vast subtropical gyres 
daily production is nearly perfectly matched by consumption and 
other losses (for example, cell lysis, sinking) throughout the year 
(that is, turnover ~1  day). Accordingly, the plankton world can 
exhibit trophic feedbacks, carbon cycling rates and climate sensi-
tivities that behave very differently than many more familiar terres-
trial systems where production of plant biomass can be decoupled 
from consumption over seasonal (for example, leaves in temper-
ate deciduous forests) to multi-century timescales (for example, 
California Redwood). 

Here, I provide a perspective on the counterintuitive nature of 
phytoplankton biomass and its temporal variability, with a par-
ticular focus on ocean regions exhibiting seasonal blooms (that is, 
periods of high biomass concentration). Phytoplankton blooms are 
‘hotspots’ for fisheries production and play a vital role in atmos-
phere–ocean carbon dioxide exchange and the export of organic 
carbon to the deep sea4–7. The ‘blooming process’ is directly depend-
ent on the physical properties of the upper ocean (for example, tem-
perature, mixed-layer depth, seasonal stratification of the surface 
layer) that will be strongly modified by climate warming in the 
coming century, particularly at higher latitudes. However, the com-
mon view of how ocean physics is linked to phytoplankton biomass 
has been challenged by recent satellite, in situ and modelling stud-
ies8–11. This issue is important because contrasting bloom hypoth-
eses8,11–14 yield differences in even the sign of predicted future 
change in ocean biomass. One shortfall of the current debate has 
been its near-exclusive focus on bloom initiation, without sufficient 
context to biomass changes occurring before the initiation event or 
mechanisms connecting initiation to the bloom climax. Here, these 
issues are brought to the fore as critical constraints in identifying an 
emergent conceptual framework for understanding contemporary 
blooms and their susceptibility to climate change. 

Climate-mediated dance of the plankton
Michael J. Behrenfeld

Climate change will unquestionably influence global ocean plankton because it directly impacts both the availability of 
growth-limiting resources and the ecological processes governing biomass distributions and annual cycles. Forecasting this 
change demands recognition of the vital, yet counterintuitive, attributes of the plankton world. The biomass of photosynthetic 
phytoplankton, for example, is not proportional to their division rate. Perhaps more surprising, physical processes (such as 
deep vertical mixing) can actually trigger an accumulation in phytoplankton while simultaneously decreasing their division 
rates. These behaviours emerge because changes in phytoplankton division rates are paralleled by proportional changes in 
grazing, viral attack and other loss rates. Here I discuss this trophic dance between predators and prey, how it dictates when 
phytoplankton biomass remains constant or achieves massive blooms, and how it can determine even the sign of change in 
ocean ecosystems under a warming climate.

Before restricting this discussion to the blooming phenomenon, 
it is beneficial to ‘step back’ to the global domain and consider the 
basic properties of phytoplankton biomass, which herein refers to 
volumetric carbon concentrations (mg  C  m−3) unless specifically 
noted otherwise. Our ability to monitor phytoplankton properties 
at the global scale comes from satellite observations of ocean col-
our. These measurements detect spectral and intensity variations in 
light emerging from the surface ocean and allow assessment of basic 
ecosystem properties, including phytoplankton biomass and chlo-
rophyll concentrations (mg m−3). Satellite data resolution is spatially 
(~1–5 km) and temporally (~1–8 day) coarser than field measure-
ments, the detected signal does not register ecosystem properties 
below the actively mixed surface layer and little detail can currently 
be retrieved on the rich diversity of species comprising plankton 
communities. Nevertheless, understanding the observed temporal 
variability in these global satellite-derived properties can provide 
fundamental insights on how ocean ecosystems function and the 
processes guiding their temporal development.

Global phytoplankton fundamentals
The physical and chemical properties of the upper sunlit layer of 
the ocean are highly variable. In the central ocean gyres, this layer 
is clear, warm, strongly stratified, contains vanishingly low nutrient 
concentrations and receives high daily doses of sunlight through-
out the year. By contrast, high-latitude regions in winter can have 
mixing depths of hundreds of metres, temperatures near 0 °C, lit-
tle to no sunlight and very high nutrient concentrations. By mid-
summer, these same regions may be converted to clear, warm and 
low nutrient waters with shallow surface-mixing depths and daily 
sunlight exposures comparable to low latitudes. Despite this tre-
mendous diversity in upper-ocean conditions, surprisingly little 
variability is observed in the annual minima of phytoplankton bio-
mass across the globe (Fig. 1a). Thus, the subarctic Atlantic annual 
minimum is comparable to equatorial regions, even though the 
subarctic population has experienced mixing to depths of hundreds 
of metres. This uniformity in biomass minima (Fig. 1a) is one indi-
cation that ecological processes, in concert with physical–chemical 
properties, are important determinants of phytoplankton biomass. 
Interestingly, although ocean ecosystem models can be tuned to 
reproduce these observed minima, we still do not fully understand 
the mechanisms defining the lower biomass threshold15. One possi-
bility is that it represents a boundary below which further decreases 
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in phytoplankton stocks become limited by contact frequencies 
between predators and prey.

An important phytoplankton property that clearly does register 
global variability in environmental conditions is the annual biomass 
maximum (Fig. 1b; note that the colour scale in this panel corre-
sponds to a biomass range threefold greater than in Fig. 1a). Major 
phytoplankton blooms are observed in regions where surface nutri-
ents are at least periodically elevated16,17 and, notably, where strong 
physical forcings can disturb the balance between phytoplankton 
division and loss rates (for example, dilution of plankton popula-
tions by mixed-layer deepening, deep-water upwelling or riverine 
influx). In contrast to these blooming regions, biomass maxima 
are suppressed throughout the nutrient-impoverished and perma-
nently stratified ocean (Fig. 1b), which corresponds approximately 
to waters with annual mean sea surface temperatures >15 °C (equa-
torward of the black lines in Fig. 1b)18,19. 

A temptation always exists for drawing parallels between ter-
restrial and ocean ecosystems, such as referring to the oligotrophic 
gyres as ‘deserts of the ocean’ and bloom-forming regions as akin to 
tropical or temperate forests. Quantitatively, though, this depiction 
is misleading with regard to accumulations in phytoplankton bio-
mass. From the data in Fig. 1a,b, a simple calculation can be made 
for the number of times phytoplankton populations must double to 
increase from their annual minimum to maximum concentration. 
The resultant distribution reveals a global range in required dou-
blings that is largely constrained between only one and seven, inclu-
sive of the major high-latitude bloom-forming regions (Fig.  1c). 

What makes these low values even more remarkable is that the 
rise from minimum to maximum biomass often requires multi-
ple months to achieve. In other words, phytoplankton blooms can 
arise from very slow rates of accumulation sustained over a long 
period of time8,11.

Although phytoplankton biomass changes represent only a mod-
est number of population doublings, these accumulations in stock 
wholly under-represent actual production. In the field, phytoplank-
ton division rates can be remarkably rapid, in some cases equivalent 
to more than three doublings per day20. The stark difference between 
division and biomass accumulation rates is resoundingly illustrated 
by comparing the number of doublings required to increase from 
minimum to maximum biomass (Fig. 1c) with the total number of 
cell divisions occurring over this same time interval (Fig. 1d; note, 
total divisions is a product of the daily division rate and the number 
of days between minimum and maximum biomass, where division 
rate is calculated as mixed-layer net primary production divided by 
mixed-layer phytoplankton carbon; see Supplementary Discussion). 
Recognizing that the colour scale for Fig. 1d (total divisions) spans 
a value range 20-fold greater than that in Fig. 1c (population dou-
blings), this comparison illustrates that seasonal biomass changes 
account for only a small fraction of total production (this conclu-
sion is robust to uncertainties in division-rate estimates), with the 
vast majority (~80% to nearly 100%) of phytoplankton production 
being consumed or otherwise lost during the blooming period 
(Supplementary Discussion). Stated more pointedly, phytoplank-
ton blooms represent a residual difference between two far larger, 
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Figure 1 | Global dynamics of the phytoplankton biomass. a,b, Annual minima and maxima in phytoplankton biomass (mg C m−3), respectively. c, Number 
of biomass doublings required to increase from the minimum values in a to the maximum values in b. d, Total number of phytoplankton cell divisions 
between the times of minimum and maximum concentration (total divisions = daily division rate × days from minimum to maximum). Images are based on 
NASA MODerate-resolution Imaging Spectrometer (MODIS) 16-day average data for 2011. Phytoplankton biomass was calculated following ref. 66. Black 
lines in b correspond to annual mean sea surface temperatures of 15 °C for 2011, which roughly delineates the permanently stratified oceans from higher-
latitude, strongly seasonal regions. Note that the high doubling values west of equatorial Africa in c (marked by an ‘X’) are due to anomalously low values 
in a and may reflect uncertainties in satellite ocean retrievals in this region of high atmospheric aerosol (dust) loads.
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but highly correlated terms: the rates of phytoplankton division 
and loss10,11,21–24.

An additional, perhaps unexpected attribute of phytoplankton 
populations is that the total number of cell divisions between the 
biomass minimum and maximum (Fig.  1d) does not determine 
the location of major ocean blooms (Fig. 1b). Indeed, comparison 
of these two properties suggests, to first order, an inverse relation-
ship. For example, total cell divisions in tropical oceans (where the 
dominant, small species divide nearly every day25,26) can far exceed 
those at higher latitudes, but the tropical ocean regions are charac-
terized by relatively stable biomass while the higher-latitude regions 
frequently support blooms. Thus, even from this global perspec-
tive, it is clear that phytoplankton accumulation is generally decou-
pled from how fast a given phytoplankton population is dividing. 
This decoupling implies that current trends in ocean biomass18,19,27 
are not simply reflections of rapid or slow phytoplankton division 
rates. Moreover, it means that the response of phytoplankton bio-
mass to climate warming will be governed by ecological factors in 
addition to the division-limiting effects of light, temperature and 
nutrient changes.

Rates and debates
Although a phytoplankton bloom is incontrovertibly understood as 
the condition of elevated biomass, the process of ‘blooming’ (that 
is, increasing from a low to high concentration) is an issue of com-
peting rates. Let me briefly elaborate this point. During the annual 
cycle, a blooming phase is characterized by a period when the divi-
sion rate of phytoplankton (μ; d−1) exceeds the rate of total losses 
(l; d−1) from zooplankton grazing, viral lysis and sinking out of the 
mixed layer. Thus, μ > l during blooming and the biomass accumu-
lation rate, r = μ − l, has a positive value. Thus, it is the sign of the 
rate term, r, that defines ‘blooming’, not the absolute value.

The most common explanation for temperate and high-latitude 
phytoplankton blooms is that they are initiated when light-driven 
increases in division rate surpass a critical threshold value28. Because 
the depth of surface mixing is a primary determinant of daily light 
exposure for phytoplankton in these regions, this interpretation of 
blooms is referred to as the critical depth hypothesis (CDH). Its 
description can be found in most biological oceanography text-
books. The CDH’s attribution of bloom initiation to a threshold 
value for μ arose during its original formalization from the simple 
assumption that loss rates can be treated as a constant28. The appeal-
ing simplicity of the CDH is likely one reason for its long-standing 
popularity14, but as a scientific foundation for understanding phyto-
plankton blooms, it does not stand up to observations. 

The CDH yields two very testable outcomes: (1)  deep mix-
ing and low incident sunlight cause phytoplankton biomass to 
decrease (that is, r is negative) before reaching the critical thresh-
old and (2) the rate of increase in biomass following bloom initia-
tion covaries linearly with the division rate (that is, r = μ − c, where 
c is a constant). Today, mixed-layer phytoplankton properties are 
continuously monitored through satellite ocean colour measure-
ments and in  situ autonomous sensors. Analysis of these data for 
the subarctic Atlantic, a classic bloom-forming ocean region, has 
revealed that phytoplankton concentrations do not show a spring-
time transition from decreasing to increasing biomass. Instead, they 
show that phytoplankton concentrations can begin rising as soon 
as the mixed layer stops deepening8–10. In other words, these data 
do not support the notion of a critical mixing depth before which 
phytoplankton accumulation is prevented by light-limited cell divi-
sion. Furthermore, the satellite data yield no correlation between 
phytoplankton division rate and the rate of change in mixed-layer 
phytoplankton abundance11. These findings refute the CDH as a 
viable explanation for phytoplankton blooms and are supported by 
sustained in situ autonomous optical profiling float measurements 
and ecosystem modelling9,10.

 Dismissal of the CDH has resulted in an active debate to 
establish a revised interpretation of blooms. One key shortcoming 
of the traditional hypothesis was its neglect of known variability in 
phytoplankton loss rates. A strong correlation between phytoplank-
ton division and loss rates would imply that food web interactions 
play a major role in determining bloom emergence. However, the 
allure of interpreting increasing biomass as an expression of rapid 
phytoplankton division rates is hard to resist. Accordingly, one side 
of the current bloom debate upholds this fundamental belief and 
has provided an alternative interpretation of the satellite data12,13,29. 
Specifically, it has been noted that the initial rise in phytoplankton 
concentration at the end of mixed-layer deepening also coincides 
with a switch between positive and negative heat flux from the sur-
face ocean. At this transition, convective mixing of the upper ocean 
is dampened and turbulent transport of phytoplankton from the 
surface to depth can become sufficiently slow relative to the cell 
division rate that surface biomass can increase. In other words, 
bloom initiation may be triggered by cessation of deep convective 
mixing and the crossing of a critical threshold in turbulent mixing. 
This critical turbulence hypothesis (CTH) also yields a very test-
able prediction: that phytoplankton loss rates exceed division rates 
before the late-winter switch in net heat flux. Satellite and sustained 
in situ measurements have now shown that mixed-layer-integrated 
phytoplankton biomass in the subarctic Atlantic often increases 
while convection is still actively deepening the mixed layer8–10. 
These findings are inconsistent with the CTH as a robust explana-
tion for phytoplankton blooms.

Ecological ‘disturbance’
In the subarctic Atlantic, the winter transition from mixed-layer 
deepening to shoaling occurs around February. At this time, chlo-
rophyll concentrations are at their annual minimum and, seaward 
of the continental margins, show little spatial variability across the 
basin (Fig. 2a). What makes this uniformity remarkable is its stark 
contrast to patterns in physical properties, particularly the depth of 
winter mixing (Fig.  2b). During late autumn and winter, convec-
tion deepens the mixed layer and dilutes surface phytoplankton 
populations with essentially phytoplankton-free water from below. 
This process should result in lower chlorophyll concentrations 
where mixing is deepest, yet this correspondence is not observed 
(Fig.  2a,b). The reason for this discrepancy is that phytoplankton 
concentration is always influenced by the balance between division 
and loss rates, and this balance is also tied to physical processes such 
as mixing. 

Mixed-layer deepening, along with decreasing sunlight, causes 
phytoplankton division rates to slow during autumn in the subarctic 
Atlantic. Loss rates exceed division rates during this period, so phy-
toplankton concentrations decrease. The change in concentration, 
however, has the important consequence of decreasing density-
dependent grazing and viral infection efficiencies (as an interest-
ing side note, this effect of dilution on phytoplankton loss rates is 
the foundation for assessing grazing and division rates in the field30 
and is accounted for in ocean ecosystem models10,31). The associ-
ated reduction in loss rates is further augmented by simultaneous 
concentration changes from physical dilution of the phytoplank-
ton, grazer and viral populations. Thus, phytoplankton loss rates 
are mechanistically coupled to division rates and physics. By early 
winter, these feedbacks can reach a tipping point where decreases in 
loss rates are greater than the light-driven decreases in phytoplank-
ton division rates. This point marks the beginning of the ‘bloom-
ing phase’, but interestingly it does not necessarily coincide with an 
increase in phytoplankton concentration. Instead, the initial popu-
lation increase may be distributed over a growing volume of water 
by mixed-layer deepening. Thus, the depth-integrated biomass of 
the phytoplankton increases (Fig. 2c), while concentrations remain 
relatively constant (Fig.  2a)11, an effect also noted in sustained 
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field measurements and modelling9,10. So long as density-driven 
convection continues to deepen the mixed layer, phytoplankton can 
continue to accumulate in this manner without inducing a concen-
tration-driven increase in density-dependent losses. 

Although trophic feedbacks in plankton ecosystems are the 
dominant control on phytoplankton concentration31, physical dis-
turbances to these feedbacks are also important. In the subarctic 
Atlantic, this link between physics and ecology allows water-col-
umn-integrated phytoplankton populations to increase in size 
while division rates are decreasing, with greater accumulations 
corresponding to deeper mixing (Fig.  2b,c). An important aspect 
of this relationship is its implication that dampened high-latitude 
winter mixing with climate warming will decrease annual max-
ima in depth-integrated phytoplankton biomass. For the subarctic 
Atlantic, this decrease has recently been estimated at an average of 
~40% by the end of the coming century10. 

The importance of physical disturbances to ecosystem structure 
and biomass is well established for intertidal, freshwater and terres-
trial ecosystems32–35, and clearly can be a governing factor in initiat-
ing open-ocean phytoplankton blooms. However, it provides little 
insight on the processes linking winter phytoplankton concentra-
tion minima (Fig. 2a) to concentration maxima at the bloom climax 
many months later (Fig.  2d). Understanding this bloom develop-
ment over the spring stratification period requires further evalua-
tion of plankton ‘predator–prey’ relationships.

New tools and new challenges
Arguably, the two most impactful developments in biological ocean-
ography during the second half of the twentieth century were global 
satellite ocean colour measurements17 and the ability to conduct 
large-scale (on the order of 50  km2) purposeful manipulations of 

natural plankton assemblages36,37. These latter in  situ experiments 
involved low-concentration additions of soluble iron to iron-lim-
ited surface phytoplankton populations. The initial outcome of 
such enrichments is a rapid rise in phytoplankton concentration, 
predominantly reflecting increases in species that were initially rare 
and presumably severely iron stressed36,38. The second important 
outcome is that this blooming phase induced by iron addition only 
lasts for ~5 to 10 days before the enhanced phytoplankton division 
rates are either matched or overcome by escalating loss rates (that 
is, phytoplankton concentration stabilizes or decreases, respec-
tively)11,36,39,40. Recognizing that purposeful iron enrichments repre-
sent acute and major perturbations to plankton communities, this 
rapid response time of loss processes to changes in phytoplankton 
concentration is remarkable and in part reflects zooplankton with 
very rapid population growth rates24. It also presents a challenging 
question for understanding natural blooms. If an increase in phy-
toplankton division rate can be overtaken by losses in 10 days or 
less, how can blooming in regions such as the subarctic Atlantic be 
sustained over periods of many months? The answer to this ques-
tion is fundamental to predicting how climate-driven alterations of 
upper-ocean physical conditions, which vary slowly over the annual 
cycle relative to phytoplankton turnover rates, will impact plankton 
biomass stocks.

Ecological ‘recovery’
Physical processes can clearly interact with ecosystem feedbacks 
to initiate blooms (Fig.  2), but what happens when such forcings 
stop? When the disturbance ends, a critical consequence is that the 
existing difference between phytoplankton division and loss rates 
now causes phytoplankton concentrations to increase. This switch 
is documented in the satellite record for the subarctic Atlantic 
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Figure 2 | Phytoplankton chlorophyll and winter mixed-layer depth in the subarctic Atlantic. a, February surface-chlorophyll concentration. b, February 
mixed-layer depth (MLD). c, February water-column chlorophyll inventory integrated from the surface to the MLD. d, Maximum chlorophyll concentration 
achieved during the spring/summer bloom climax. MLD data are from http://www.science.oregonstate.edu/ocean.productivity/ and based on a data-
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by the coincident rise in phytoplankton carbon and chlorophyll 
concentrations with cessation of mixed-layer deepening8,10. The new 
rise in concentration increases the encounter rate between phyto-
plankton and their predators (grazers, viruses), thereby enhancing 
predator populations and intensifying density-dependent losses10,11. 
Purposeful iron-enrichment experiments suggest that this rise in loss 
rates should quickly curtail any further increases in the phytoplank-
ton. However, there is a vital difference between artificial and natu-
ral blooms. Enrichment experiments cause phytoplankton division 
rates to increase from a low value to a higher value in a single-step 
function, which is soon matched by consumption rates. In con-
trast, division rates during natural, high-latitude blooms continue 
to increase throughout spring stratification, albeit often slowly8–11. 
It is this continual rise in division rate that sustains the bloom to 
its climax11,31. In other words, phytoplankton concentrations do not 
increase because of high division rates, but rather because division 
rates are accelerating. Conversely, decelerating division rates favour 
decreasing biomass. And, it is likely that this basic principle applies 
to phytoplankton biomass dynamics across the global oceans (Fig. 1) 
and will continue to operate under a warming climate.

The distinction between the ‘division-rate’ and ‘ecosystem-feed-
back’ interpretations of phytoplankton biomass cycles is well illus-
trated by subarctic Atlantic satellite data. The division-rate view is 
illustrated in Fig. 3a, which compares a climatological annual cycle 
in phytoplankton division rate (μ, green symbols) with measured 
rates of change in chlorophyll concentration (Δchl, red symbols; 
note the scale difference between the y axes; see ref. 10 for annual 
cycles in chlorophyll stocks for this region). Clearly, there is no 
resemblance in the annual cycles for these two properties and no 
critical division-rate threshold defining bloom initiation. Indeed, 
chlorophyll concentrations can increase (Δchl > 0) when division 
is extremely slow or decrease (Δchl < 0) when division rate is near 
maximal (Fig. 3a).

To illustrate the ecosystem-feedback view, one additional detail 
must be considered: the specific rate of change in biomass varies 
with the specific rate of change in division for planktonic systems 
operating near equilibrium11,31. In other words, phytoplankton con-
centrations change in proportion to the relative change in μ, rather 
than the absolute change in μ. For example, an increase in divi-
sion rate from 0.1 d−1 to 0.2 d−1 causes a larger increase in biomass 
than a rise from 0.5 d−1 to 0.6 d−1. Or alternatively, a 20% increase 
in μ from 0.1  d−1 to 0.12  d−1 has a similar impact on biomass as 
a 20% increase from 0.5  d−1 to 0.6  d−1, even though the absolute 

change in μ is fivefold smaller in the former case. For eight-day 
resolution satellite data, the relative change in division rate (Δμrel) 
is calculated as:

	 Δμrel =
	 (μ1 − μ0)� (1)	 (μ1 + μ0) / 2

where μ1 is the division rate for one time point and μ0 is the divi-
sion rate eight days earlier. This calculation yields an annual cycle 
of Δμrel revealing basic drivers of Δchl variability (Fig.  3b). From 
late February to May, the spring bloom in phytoplankton concen-
tration (Δchl, red symbols) corresponds to accelerating division 
rates (positive Δμrel, blue symbols). Loss rates quickly catch up 
once division rates plateau near their summer maximum, and then 
drive a decrease in phytoplankton concentrations as μ decelerates 
into autumn. Around late November, the ‘disturbance’ phase of the 
cycle begins and continues until the mixed layer stops deepening 
around February. As discussed above, this phase initiates the bloom 
and allows phytoplankton concentrations to remain relatively con-
stant despite strongly negative Δμrel (that is, note the November to 
February departure between red and blue symbols in Fig. 3b).

Recognizing blooms as consequences of highly correlated but 
slightly unbalanced changes in phytoplankton division and loss 
rates, rather than simply expressions of rapid division, has impor-
tant implications regarding the impacts of climate variability. For 
example, if warming causes a decrease in winter mixing depths at 
high latitudes, then a division-centric view would suggest that the 
associated improvement in mixed-layer growth conditions would 
drive an earlier and, perhaps, stronger bloom41–44. However, if the 
disturbance and recovery processes discussed here are correct, 
then the predicted outcome of shallower mixing is a later initiation 
of the blooming phase, a lower peak value in column-integrated 
phytoplankton biomass and potentially a weaker bloom climax, 
depending on whether the dampened annual cycle in μ is associated 
with lower values of Δμrel during spring stratification or a shorter 
blooming period10,11.

Climate-mediated biomass variations 
As voiced earlier31, the event of a bloom climax is perhaps less 
astonishing than the fact that the conditions necessary for a bloom 
are recreated each year. This recreation is imperfect, though, so the 
timing and magnitude of blooms varies from year to year. This vari-
ability is exemplified by a ten-year time series of satellite-observed 

−0.4

−0.2

0.0

0.2

0.4

−0.06

−0.03

0.00

0.03

0.06

0.0

0.2

0.4

0.6

0.8

1.0

−0.06

−0.03

0.00

0.03

0.06

J F NOSJ AM DM A J J F NOSJ AM DM A J

Month Month

∆
µ

rel (d
−1)

ba

µ 
(d

−1
)

∆c
hl

 (d
−1

)∆
chl (d

−1)

Figure 3 | Controls on phytoplankton accumulation rates. a, Climatological annual cycles in phytoplankton division rates (μ; green, left axis) and observed 
rates of change in chlorophyll concentration (Δchl; red, right axis). b, Climatological annual cycles in Δchl (red, left axis) and relative rates of change in 
phytoplankton division rate (Δμrel; blue, right axis). Δchl is calculated as ln(chl1/chl0)/8, where chl1 is chlorophyll concentration at a given time point and 
chl0 is the chlorophyll concentration eight days earlier. Δμrel is calculated following equation (1) (see also Supplementary Discussion). Data correspond 
to the 5° latitude by 10° longitude bin outlined as Box 1 in Fig. 2a and are based on eight-day resolution chlorophyll products from the Sea-viewing Wide 
Field-of-view Sensor (SeaWiFS) for the period 1998 to 2008. At the latitude of this bin, no data are available from roughly December to mid-January.
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phytoplankton chlorophyll and carbon concentrations for the 
subarctic Atlantic (Fig. 4a). The record exhibits a roughly fourfold 
range in bloom climax concentrations, but the time series for Δchl 
(Fig. 4b, red line) demonstrates that this interannual variability is 
due to very subtle differences in accumulation rates. This subtlety 
is less surprising, perhaps, when the full range in climax concen-
trations is recognized as representing a difference of only about 
two population doublings integrated over multiple months. Even 
so, these year-to-year differences have major consequences on 
year-class recruitment success for juvenile fish, food availability for 
higher-trophic-level migratory species and the flux of organic car-
bon to the deep sea45–49. 

The ecological underpinnings of biomass variability are again 
demonstrated by the satellite time series through the temporal 
correspondence between Δchl and Δμrel (Fig.  4b, blue line). This 
relationship is quite remarkable given that Δμrel largely reflects sim-
ple changes in light and mixed-layer conditions, includes errors 
associated with estimating daily photosynthesis from satellite data 
(for example, resulting from non-uniform distributions of phyto-
plankton through the water column; Supplementary Discussion), 
and does not account for the sinking of phytoplankton out of the 
surface mixed layer. What it implies is that accelerations and decel-
erations in the division rate function as primary drivers of bio-
mass variability through their impact on predator–prey balances 
(Fig. 5). However, the outcome of this trophic feedback is complex. 
For example, the three largest blooms for the satellite record were 
each created differently. The large 1998 bloom was associated with 
a late-spring jump in Δμrel, whereas in 1999 it reflected a prolonged 
period of positive but only modest Δμrel. The 2001 bloom, in con-
trast, exhibited a large winter disturbance (black arrow), followed 
by progressively increasing Δμrel (Fig. 4b). This variability in con-
temporary ecosystem dynamics highlights the challenges inher-
ent in predicting future climate-driven impacts, as the seasonal 
range in physical properties, their rate of change and the timing 
of this change all have implications for associated expressions in 
plankton stocks. 

Dance of the plankton
A defining attribute of the plankton world is its tempo of feedback 
between trophic levels. Above all other factors, it is a propensity 
for rapid predator–prey re-equilibration that is responsible for the 
global divergence between phytoplankton biomass accumulation 
rates and division rates. From temperate to polar regions, spring-
time increases in phytoplankton concentration are paralleled by the 
greening of deciduous forests at similar latitudes. But, this correla-
tion is not indicative of similar causation. In the forest ecosystems, 
leaf production far outpaces leaf consumption, so rates of produc-
tion and accumulation covary. For phytoplankton blooms, changes 
in loss rates are in close step with division rates, so this correspond-
ence between accumulation and division disappears and relative 
rates of change become primary determinants of biomass variability. 

In the current debate regarding controls on phytoplankton 
blooms, too much emphasis has been placed on bloom initiation 
without due consideration of biomass changes before and after 
this event. Hypotheses focused only on division-limiting, or ‘bot-
tom-up’, factors (for example, CDH and CTH) fail to account for 
phytoplankton accumulations before their presumed threshold 
conditions, the absence of any correlation between division and 
accumulation rates, and the perpetuation of a bloom over its many 
months to climax12–14,29. On the opposite side of the same coin has 
been an overemphasis on loss processes (particularly, zooplankton 
grazing), a view referred to as ‘top-down control’ of phytoplank-
ton15. This interpretation fails to capture the dependence of annual 
phytoplankton biomass dynamics on relative accelerations and 
decelerations in phytoplankton division rate (Figs 3 and 4). 

Consistent with ecosystem modelling results dating back to the 
1940s21,22,50, the interpretation of phytoplankton biomass variabil-
ity requires a focus on the interactions between ‘bottom-up’ and 
‘top-down’ processes (Fig. 5). From a framework of ecosystem ‘dis-
turbance and recovery’ processes, annual biomass cycles through-
out the global ocean can be seen as a dance between two intimate 
partners: phytoplankton division and their losses to predators. In 
the permanently stratified ocean, this dance is akin to the ‘Tango’. 

Figure 4 | A decade of variability in subarctic Atlantic phytoplankton concentrations. a, Eight-day resolution time series of phytoplankton chlorophyll 
(green; left axis) and carbon concentrations (black; right axis) corresponding to the 5° latitude by 10° longitude bin outlined as Box 2 in Fig. 2a. 
b, Corresponding time series of the rate of change in chlorophyll concentration (Δchl; red, left axis) and the relative change in division rate (Δμrel; blue, 
right axis). Black arrows mark winter ‘disturbance’ periods where observed chlorophyll changes are notably smaller than expected based on Δμrel. Shaded 
green areas correspond to summer periods following the three largest blooms where observed changes in chlorophyll were notably larger than anticipated 
from Δμrel. These discrepancies could reflect errors in calculated phytoplankton division-rate values due to post-climax iron stress68–70.
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Here, the dancers remain tightly coupled because growth conditions 
(that is, the ‘music’) change slowly over a constrained annual cycle. 
Bloom-forming regions in this analogy can perhaps be equated 
to the ‘Charleston’ dance, where partners are less tightly coupled 
because growth conditions vary over a wide dynamic range and on 
shorter timescales. In these regions, physical forcings can also be 
sufficiently severe to allow for the counterintuitive accumulation of 
depth-integrated biomass while phytoplankton division rates are 
still decelerating. 

The dance of the plankton is continuously recorded by global satel-
lite ocean colour measurements. From these data, an understanding 
can emerge of the choreography between the dancers and the music 
that will inform forecasts of ecosystem changes under a warmer cli-
mate. These insights will require careful attention to both partners 
in the dance and may also depend on resolving the complexities of 
plankton community composition. Here, I have treated plankton as a 
bulk property, with no regard for diversity, species succession or life 
history. This approach is not fully satisfying. Developments in omics 
capabilities51,52 and in  situ technologies (for example, refs  53,54) 
now permit advanced characterization of taxonomic diversity and 
these observations are revealing a stunning and rapid succession of 
species dominance over the course of a bloom. Undoubtedly, the 
selective feeding behaviour of zooplankton plays a role in this phy-
toplankton succession55–57, but the species specificity of this succes-
sion seems indicative of a major role for viruses58–60 and, potentially, 

Figure 5 | Working framework for repeating cycles of phytoplankton 
biomass concentration. The ‘disturbance–recovery’10,11 cycle is delineated 
into a ‘blooming phase’ (green background) of increasing phytoplankton 
and a ‘declining phase’ (yellow background) of decreasing phytoplankton. 
Blooming is initiated by a disturbance in the predator–prey balance 
that allows phytoplankton division rates to first outpace loss rates. This 
disturbance may be a physical process, such as dilution of plankton 
populations through deep mixing, that results in an increased water-
column-integrated phytoplankton stock without a change in concentration 
(blue to blue circles). Alternatively, it may be an improvement in growth 
conditions that causes phytoplankton division rates to accelerate (for 
example, iron-enrichment experiments). Once initiated, the blooming 
phase persists as long as division rates continue to accelerate (blue to light 
green to dark green circles). The bloom climax (dark green circle) occurs 
when division rates reach a maximum or begin to decline, allowing loss 
rates to overcome division rates. The subsequent ‘declining phase’ persists 
as long as division rates decelerate or a physical disturbance again tips the 
balance between division and loss rates.
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programmed cell death61,62. The finer scale of field measurements 
compared with satellite data also reveals additional layers of spatial 
complexity in the evolution of plankton populations over the annual 
cycle. Resolving the mechanisms underlying these ecosystem dynam-
ics and their significance to bloom development represents one of the 
major challenges for future research. Advanced remote-sensing capa-
bilities, such as NASA’s upcoming PACE (Pre-Aerosol, Clouds, and 
ocean Ecosystem) mission, will contribute importantly to this end, 
but it will also require an integration of measurement and modelling 
approaches spanning a wide range of spatial and temporal scales, and 
resolving diverse plankton size domains and interactions11,63–65.
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