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Abstract
Are the oceans turning into deserts? Rising temperature, increasing surface stratification, and decreasing verti-

cal inputs of nutrients are expected to cause an expansion of warm, nutrient deplete ecosystems. Such an
expansion is predicted to negatively affect a trio of key ocean biogeochemical features: phytoplankton biomass,
primary productivity, and carbon export. However, phytoplankton communities are complex adaptive systems
with immense diversity that could render them at least partially resilient to global changes. This can be illus-
trated by the biology of the Prochlorococcus “collective.” Adaptations to counter stress, use of alternative nutrient
sources, and frugal resource allocation can allow Prochlorococcus to buffer climate-driven changes in nutrient
availability. In contrast, cell physiology is more sensitive to temperature changes. Here, we argue that biogeo-
chemical models need to consider the adaptive potential of diverse phytoplankton communities. However, a
full understanding of phytoplankton resilience to future ocean changes is hampered by a lack of global biogeo-
graphic observations to test theories. We propose that the resilience may in fact be greater in oligotrophic waters
than currently considered with implications for future predictions of phytoplankton biomass, primary produc-
tivity, and carbon export.

The biogeochemical ocean modules in Earth System Models
have traditionally been designed with the intent of predicting
the carbon export flux to depth and the associated ocean
capacity for carbon storage. However, Earth System Models are
increasingly being tasked with simulating a broad palette of
marine ecosystem responses (Lotze et al. 2019). Reduced
mixing of the water column, the most widely expected physi-
cal consequence of ocean warming, is predicted to limit

nutrient supply to the surface. In turn, this stratification effect
is expected to trigger a trio of negative ecosystem outcomes,
namely, global declines in phytoplankton stock, primary pro-
ductivity, and carbon export (Bopp et al. 2013). These ecosys-
tem declines are expected to have widespread effects on marine
life, as they imply lower food stocks and flux to higher trophic
levels (Hoegh-Guldberg and Bruno 2010; Moore et al. 2018),
while diminished carbon export could weaken the oceanic
uptake of atmospheric CO2 (Bopp et al. 2001). All Earth System
Models from the Coupled Model Intercomparison Project Phase
5 agree on these predictions and suggest that there will be a 2–
16% decline in NPP and a 7–18% decline in carbon export by
2100 (Bopp et al. 2013; Fu et al. 2016). However, many field
observations suggest that the adaptive capacity and resiliency
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of marine communities can moderate the negative impacts of
stratification and nutrient stress. Below, we will expand on
these lines of evidence and propose that oligotrophic marine
ecosystems may be more resilient to future environmental
changes than currently assumed.

Phytoplankton resilience
Resilience to environmental changes can be expressed at

multiple levels of biological organization. Physiologically, a
microorganism will adjust growth to specific temperatures. At
the same time, communities consisting of organisms with
unique temperature optima assemble differently along a tem-
perature gradient. The integration of physiological and biodi-
versity changes controls the impact of environmental changes
in temperature, nutrient availability, and the like on an eco-
system function (Allison and Martiny 2008). Hence, the
impact of an environmental change is likely to be stronger on
organisms in isolation, as often observed in controlled set-
tings, than in a diverse community, which is more challeng-
ing to measure.

The physiology of diverse genotypes within Prochlorococcus—
the most abundant phytoplankton in the ocean—provides
detailed empirical data for how biodiversity can contribute to
resilience to future ocean changes. This can be illustrated by two
different transects in the North Pacific and North Atlantic Oceans
(Kent et al. 2019). In a cruise from Hawaii to the equator, there is
little change in cell abundance (Fig. 1A). The surface temperature
is nearly constant, but there is a sharp gradient in phosphate
(and nitrate) (Fig. 1C). The gradient in macronutrient availability
leads to a shift in Prochlorococcus ecotype diversity, but the overall
abundance of Prochlorococcus is unaffected. In an Atlantic Ocean
transect, there is a gradual increase in Prochlorococcus abundance
from 50�N to 32�N (Fig. 1B). This follows an increase in tempera-
ture but a decrease in nutrient availability (Fig. 1D). Again, there
is also a clear shift between low and high temperature-adapted
Prochlorococcus ecotypes (Fig. 1B), but the overall abundance fol-
lows the temperature but not nutrient gradient. The example
shows a much stronger effect of temperature compared to nutri-
ent availability on the abundance of Prochlorococcus.

Prochlorococcus biodiversity modulates the impact of envi-
ronmental changes on growth and facilitates resilience.
Prochlorococcus can adapt to very low nutrient concentrations
via gene gain and losses leading to improved uptake, lower
requirements, or the utilization of alternative forms (Martiny
et al. 2019b; Ustick et al. 2021). Hence, some populations can
acquire P sufficient for a cell division per day or more at con-
centrations as low as 2 nM phosphate (Fig. 1E). It is rare that
phosphate drops below this concentration across the ocean
(Martiny et al. 2019a). Cells can also shift to using alternative
phosphate sources (Casey et al. 2009). Other populations are
well adapted to low nitrogen or iron concentrations (Rusch
et al. 2010; Berube et al. 2015). As a result, Prochlorococcus
genotypes well-adapted to local environments can provide a

buffer against nutrient stress and enabling the collective to
maintain biomass or growth.

While Prochlorococcus are thus quite capable of adapting to
nutrient perturbations, the same does not hold true for tem-
perature perturbations. Global field observations reveal that
Prochlorococcus abundance is very sensitive to warming
(Fig. 1B) (Flombaum et al. 2013). Individual Prochlorococcus
strains have a unique but narrow temperature range for
growth but shifts in biodiversity allow the lineage to prolifer-
ate over a wide temperature range (Zinser et al. 2007). How-
ever, thermodynamic constraints on protein kinetics appear
to exert a strong effect on division rates leading to an overall
temperature control of phytoplankton abundance and growth
across a broad swath of biodiversity (Eppley 1972). As an
example, Ribalet and coworkers quantified Prochlorococcus
growth rates along an eastern Pacific Ocean transect from
cooler, nutrient-rich to very warm, nutrient-poor conditions
(Ribalet et al. 2015) (Fig. 1F). Here, Prochlorococcus growth rates
increased rapidly and were strongly tied to temperature. Thus,
Prochlorococcus is more resilient to nutrient compared to tem-
perature stress.

The resilience to different environmental changes may—or
may not—be mirrored in other organisms and whole commu-
nities. In Synechococcus, seasonal increases in growth rates
were tied to temperature changes with little sensitivity to
nutrient concentrations (Hunter-Cevera et al. 2016). There is
also substantial variation in the nutrient quotas among
eukaryotic phytoplankton (Garcia et al. 2018). The resilience
is imprinted on the whole community, whereby total chloro-
phyll concentrations or net primary production are only
suppressed below 15 nM phosphate (Martiny et al. 2019a). We
also see signs of whole community resilience to temperature
changes, whereby single strains have a higher temperature
sensitivity (e.g., parameterized by Q10) than the whole com-
munity (Chisholm 1992; Sherman et al. 2016) (Fig. 1F). How-
ever, temperature still exerts a strong control with a roughly
50% increase in phytoplankton community growth rate every
10�C (Sherman et al. 2016) (Fig. 1F). Phytoplankton resilience
to specific environmental factors varies, but understanding
resilience is central for predicting marine ecosystem responses
to future warming and stratification.

Resilience of phytoplankton biomass to climate
change

One of the main model predictions under global warming is
that stratification and nutrient limitation will lead to lower
photosynthetic biomass in many regions (Irwin and Oli-
ver 2009; Boyce et al. 2010). However, it is not fully understood
what factors or sequence of events control phytoplankton bio-
mass levels in the ocean. Armstrong (1994) uses a simple
ecosystem-in-a-box model to illustrate these different views. In
perhaps the simplest, bottom-up controlled ecosystem, the ver-
tical nutrient supply can control phytoplankton biomass in
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stratified regions leading to a strong relationship between sup-
ply and biomass (Fig. 2A). However, there are other, more com-
plex ecosystem designs, especially with the introduction of
grazers, where the link between nutrient supply and biomass is
less obvious. Depending on the degree of coupling between
grazing and phytoplankton growth rate, the outcome can range
from a strong (Fig. 2A), to no (Fig. 2B), or to a weak relationship

(Fig. 2C) between nutrient supply and biomass. Finally, some
of the supplied nutrients accumulate as dissolved organic nutri-
ents. Dissolved organic matter (DOM) may be quickly recycled,
advected out (Fig. 2D), or accumulate (Fig. 2E). Under some sce-
narios, the nutrient supply plays a strong role in regulating
phytoplankton biomass, but there are many cases where biolog-
ical dynamics weaken or completely ameliorate such a
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Fig. 1. Prochlorococcus “collective” resilience to changes in nutrient concentrations and temperature. The distribution of Prochlorococcus cells and eco-
types along transects in the (A) North Pacific Ocean and (B) North Atlantic Ocean. (C) Variation in surface phosphate and temperature at the transect to
the North Pacific Ocean and (D) the North Atlantic Ocean (Kent et al. 2019). (E) Population and community specific phosphate uptake (i.e., uptake nor-
malized to cellular phosphate) as a function of phosphate concentrations. These data are from phytoplankton populations or communities growing in
the Western North Atlantic Ocean (Lomas et al. 2014). (F) Phytoplankton strain, population, and community growth as a function of temperature. The
squares represent the growth of individual Prochlorococcus strains at low to intermediate light levels and a nonlinear interpolation (Zinser et al. 2007). The
solid line represents in situ growth rates of Prochlorococcus populations from a transect between San Diego, California (122�W) and Hawaii (155�W)
(Ribalet et al. 2015). The dashed line represents the globally averaged growth of phytoplankton communities along a temperature gradient (Sherman
et al. 2016). The presented ecotypes are the high-light adapted 1 (HLI), high-light adapted 2 (HLII), and the high nutrient, low chlorophyll ecotypes
(HNLC, also called HLIII and HLIV).
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relationship. Thus, one cannot simply assume a theoretic link
between nutrient supply and phytoplankton biomass.

The varying complexity of plankton ecosystems, combined
with variation in phytoplankton physiological traits, can lead
to biomass resilience in the face of warming and stratification.
First, phytoplankton may reduce their quota of the limiting
nutrient. For example, cells use fewer P-rich ribosomes for
growth at higher temperature, substitute P-containing lipids,
or reduce N-containing storage molecules (Van Mooy
et al. 2009; Toseland et al. 2013; Mouginot et al. 2015). Sec-
ond, small phytoplankton may stay suspended or be effi-
ciently recycled, and thereby elevate the lifetime of nutrients
in the upper ocean (Marsay et al. 2015). Thirdly, the large
stock of organically bound nutrients in DOM in oligotrophic
waters can support additional biomass if accessible (Fig. 2D
vs. 2E—same nutrient supply but very different plankton bio-
mass stocks). The ratio of dissolved organic nitrogen to partic-
ulate organic nitrogen is very high in low latitude ecosystems
(Fig. 3A). Phytoplankton may conceivably have improved
access to DOM nutrient pools at higher temperature
(if enzymatic breakdown is thermodynamically or kinetically
more favorable) and thus shift the balance between DOM and
biomass/particulate organic matter (POM) (Christian and
Karl 1995; Gillooly et al. 2001). We currently have a poor
empirical understanding of the environmental sensitivity of
marine POM or DOM recycling but this process has repeatedly
been shown to be temperature dependent in terrestrial ecosys-
tems (Liu et al. 2017). Fourth, the balance between phyto-
plankton growth and death (via top-down processes) may
shift with temperature and thus alter the standing stock of
plankton (Fig. 2B). Physiological, adaptive, and ecosystem
responses could all result in previously uncharacterized rela-
tionships between stratification, temperature, and the biomass
of phytoplankton.

A careful biogeographic quantification of phytoplankton
biomass would greatly improve our understanding of the cur-
rent and future environmental regulation of the biomass.
Ocean phytoplankton biomass is almost exclusively estimated
using chlorophyll as a proxy. Chlorophyll-based estimates are
sensitive to phytoplankton chlorophyll : biomass ratios, but
there is high variability in this ratio in both laboratory and
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field studies (Laws and Bannister 1980; Behrenfeld
et al. 2015). Thus, the global distribution of carbon-based bio-
mass is quite uncertain. However, improved instrumentation
for the high-throughput quantification of plankton biomass is
being developed (Lombard et al. 2019). Analytical approaches
for measuring phytoplankton biomass include the use of opti-
cal scattering of individual cells (Casey et al. 2013; Graff
et al. 2015; Freitas et al. 2020), cell-sorting and elemental anal-
ysis of chlorophyll containing cells (Graff et al. 2012), imaging
(Sosik and Olson 2007), or biovolume conversions (Menden-
Deuer and Lessard 2000; McQuatters-Gollop et al. 2011). We
need to scale-up such methodologies to the global ocean to
improve our understanding and predictive capability of future
changes.

Regulation of growth and net primary production
Another prediction is that future lower nutrient availability

leads to declining photosynthetic activity as represented by
primary productivity. It is important to recognize and separate
that productivity is the product of phytoplankton biomass
and growth. The limitation of growth is encoded by the nutri-
ent affinity and generally follows a Michaelis–Menten shape
with parameters that can be estimated from culture studies
(Moore et al. 2004). Phytoplankton growth may show resil-
ience in several ways, including improved uptake at low con-
centrations, less requirement, or access to alternative nutrient
forms. Field data suggest that it is nearly impossible to restrict
growth in Prochlorococcus by phosphate depletion (Lomas
et al. 2014) (Fig. 1E). To our knowledge, no one has yet quan-
tified the picophytoplankton in situ uptake affinity for any
nitrogen compounds. However, the half-saturation constant
for nitrogen compounds in larger phytoplankton cultures is
� 20 nM (Caperon and Meyer 1972), so N-stressed

picophytoplankton likely have a lower value. Unfortunately,
we have a weak understanding of the actual nutrient distribu-
tion in many oligotrophic regions (Martiny et al. 2019a). So
the absence of a clear understanding of the uptake kinetics as
well as the standing stock of nutrients makes it challenging to
identify where and when nutrients limit growth.

Many lineages can supplement inorganic nutrients with
alternative forms of broadly defined as dissolved organic nutri-
ents. The ratio of dissolved organic nitrogen to dissolved inor-
ganic nitrogen approaches a thousand in oligotrophic gyres
(Fig. 3) (Letscher et al. 2013), and similar high ratios can be
observed for dissolved organic phosphorus to dissolved inor-
ganic phosphorus ratios in the P-stressed western North Atlan-
tic Ocean (Lomas et al. 2010). An Earth System Model
simulation with and without DOM cycling suggests that the
temporal and spatial decoupling between DOM production
and consumption can greatly alter spatial patterns of marine
productivity, with the recycling of organic nutrients ulti-
mately enhancing global primary production by 10%
(Fig. 3C). The utilization was highest in the oligotrophic gyres
(> 150%) supporting the notion that lateral DOM transport
and its (re)cycling is critical to the functioning of low latitude
ecosystem (Letscher et al. 2016). Future warming may increase
the bioavailability of dissolved organic nutrients due to ther-
modynamically and kinetically more favorable conditions for
DOM breakdown at warmer temperatures (Lønborg et al. 2018).
It is an open question, if a temperature-driven increased
recycling rate of DOM can compensate for a possible 10%
decline in productivity. In sum, we propose that possible adap-
tations for increased nutrient uptake, reduced need, or increased
recycling all can facilitate resilience against future stratification.

Multiple observations support that phytoplankton growth is
resilient to stratification and nutrient stress. First, primary pro-
duction in the North Pacific Subtropical Gyre is highest during
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Fig. 3. The distribution and biogeochemical impacts of dissolved organic nutrients. (A) The ratio of DON to PON. (B) The ratio of DON to DIN. (C) The
ratio of ocean primary productivity with and without DOM representation (Letscher and Moore 2015).

Martiny et al. Resilience of marine ecosystems

5



the most stratified period (Dave and Lozier 2010). Second, in
situ measures of primary production show a weak regulation by
nutrient concentrations, whereas Earth System Models show a
strong regulation (Martiny et al. 2019a). Third, Prochlorococcus
showed substantially lower growth rates (� 0.3 d�1) in the nutri-
ent rich but cooler California Current waters and progressively
higher rates (up to 0.9 d�1) in warmer but oligotrophic water in
the North Pacific Subtropical Gyre (Ribalet et al. 2015) (Fig. 1D).
Fourth, temperature was the primary control on Synechococcus
growth rates in coastal waters off Martha’s Vineyard (Hunter-
Cevera et al. 2016). These results suggest that phytoplankton
growth and primary production can be stimulated by higher
temperature but resilient to nutrient stress. In support, Taucher
and Oschlies (2011) showed that future ocean changes could
either lead to depressed or increased NPP depending on the
exact (but uncertain) ecosystem description.

A careful biogeographic quantification of phytoplankton
productivity would greatly improve our understanding of the
current and future regulation of net primary production.
Issues that need further clarification include possible losses to
heterotrophic processes during the incubation period (Karl
et al. 1998) and the release of newly fixed carbon as DOC
(Nagata 2008). Measurements performed using oxygen rather
than particulate carbon as the metric for primary production
find substantially higher primary production rates in oligotro-
phic regions (Ferr�on et al. 2015). Finally, more recent
analytical techniques like flow cytometry analysis of pic-
ophytoplankton cell cycles can offer alternative estimates of
growth and thus help us further understand the environmen-
tal regulation of productivity.

Regulation of carbon export
The third prediction we consider is that warming leads to

declining carbon export to deeper parts of the ocean. Such a
decline in the downward carbon flux has large implications
for carbon sequestration as well as energy availability for
meso- and bathypelagic communities. If one again considers
the surface ocean as a water parcel box and a constant elemen-
tal composition (carbon : nitrogen : phosphorus) of particles—
a.k.a. the Redfield Ratio (Redfield 1958; Dugdale and Goe-
ring 1967)—then mass balance dictates that maximum carbon
export equals the influx of new nutrients times a carbon-to-
nutrient ratio. From this perspective, the nutrient influx sets a
hard limit on carbon export and only ecosystems with residual
(commonly termed preformed) nutrients can support increas-
ing carbon export (Sarmiento and Toggweiler 1984).

Phytoplankton adaptation offers several pathways that can
lead to a more resilient carbon export response to future
warming and stratification. Phytoplankton can reduce their cell
quota under severe nutrient stress (Moreno and Martiny 2018),
use less nutrient-rich enzymes when growing at high tempera-
ture (Toseland et al. 2013), or become more carbon rich at high
pCO2 (Fu et al. 2007). Marine phytoplankton biomass C : P and

C : N vary significantly between ocean regions and are highest
in oligotrophic gyres (Weber and Deutsch 2010; Martiny
et al. 2013a,b; Teng et al. 2014; Lee et al. 2021). Model simula-
tions support that variable stoichiometry at least partially
buffers the impact of lower nutrient supply on carbon export.
Thus, a 10% upshift in C : P or C : N can potentially fully com-
pensate for stratification effects on C export (Tanioka and
Matsumoto 2017) and have a substantial impact on long-term
future changes in atmospheric CO2 level (Fig. 4) (Galbraith and
Martiny 2015). In support, Earth SystemModels with a tempera-
ture and nutrient stress control on plankton elemental stoichi-
ometry have smaller changes in C export than expected
assuming constant elemental composition under past
(Matsumoto et al. 2020) and future conditions (Bopp et al. 2013;
Kwiatkowski et al. 2018; Wang et al. 2019; Matsumoto and
Tanioka 2020). These predictions are supported by studies using
different metabolite mass balances or inverse models showing
little variation in export rates across biomes (Richardson and
Jackson 2007; Emerson 2014; Teng et al. 2014). A decoupling
between C export and “new” nutrients from depth combined
with a slowing overturning circulation could instead increase C
sequestration (Kwon et al. 2009). However, such a resilience of
C export processes may bring about major changes to the meso-
pelagic oxygen levels and denitrification. Thus, resilience for
one biogeochemical process may increase the sensitivity of
others with yet-to-be explored outcomes.

Modeling resilience using a complex adaptive systems
framework

How can we incorporate resilience into predictions of
future biogeochemical cycles? Marine ecosystems can be
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considered complex adaptive systems (Hagstrom and
Levin 2017), which are multi-scale systems in which macro-
scopic properties emerge from the selection and collective
dynamics of a diverse pool of genotypes at smaller scales.
Earth System Models typically represent the entire plankton
community with one or a handful of functional types derived
from laboratory studies of single species. As a result, Earth Sys-
tem Models may represent flexibility insufficiently in the rela-
tionships between environmental conditions and measures of
ecosystem function. Thus, if phytoplankton diversity and
adaptation were represented more holistically, we may well
find that the community-level functional responses are more
resilient to future environmental conditions such as nutrient
limitation. With a complex-adaptive-system framework such
as shown in Fig. 5, we can describe how phytoplankton can
sustain rapid growth rates over four orders of magnitude of
nutrient concentrations.

One approach is to use a trait-based framework capturing
the growth and physiological trade-offs of many lineages
simultaneously (Litchman and Klausmeier 2008). Trait-based
models have been most widely adopted in the study of terres-
trial plants, where they have been particularly successful at
capturing the functional effect of diversity and the response of
ecosystems to climate change (Lavorel and Garnier 2002). In
marine ecosystems, trait-based models have provided a mecha-
nistic explanation for the environmental drivers of phyto-
plankton C : N : P stoichiometry and export production
(Toseland et al. 2013; Daines et al. 2014; Moreno et al. 2018).
Trait-based approaches can also use trait covariance to reduce
the complexity of the model. For example, there is a strong
mechanistic link between cell size, many nutrient acquisition
traits, and grazing that can be incorporated into an ecosystem
model (Edwards et al. 2012; Ward et al. 2012). Trait-based
models enable the modeling of diverse ecosystems but are too

complex for global-scale Earth System Models. Fortunately,
several computational and theoretical tools allow trait-based
models with thousands of types to be reduced to low-
dimensional models, while still capturing the high-diversity
functional responses of real ecosystems. These techniques
range from Monte-Carlo methods (Follows et al. 2007),
moment-closure derivations of equations for the mean and
variance of the trait distribution (Norberg et al. 2001), adap-
tive dynamics (Dieckmann 2002), and optimality (Lan Smith
and Yamanaka 2007).

The relationship between phosphate concentrations and
uptake is an example of the importance of phytoplankton
adaptive dynamics for an ecosystem process (Lomas
et al. 2014). Phosphate acquisition is normally parameterized
with a Michaelis–Menten-style hyperbolic shape seen in labo-
ratory studies. However, a field study across a nutrient gradi-
ent and diverse picophytoplankton populations in the North
Atlantic Ocean revealed a linear relationship between phos-
phate concentrations and in situ uptake (Lomas et al. 2014).
An adaptive dynamics framework supported how adaptation
to local nutrient conditions resulted in dampened uptake
response and resilience to nutrient stress (Fig. 5). These obser-
vations suggest that alternative parameterizations derived
from trait-based models facilitate the integration of complex
adaptive systems and resilience into Earth System Models.

We propose a two-pronged approach to quantify the resil-
ience of key ocean biogeochemical processes. First, we need a
greatly expanded empirical biogeographic description of phy-
toplankton carbon biomass, productivity, and export flux.
Such data will greatly constrain how core biogeochemical pro-
cesses are affected by warming and stratification. Many of the
observations described here are linked to marine Cyano-
bacteria that are abundant in low latitude ecosystems. How-
ever, we have less information about trait variations among
especially picoeukaryotic phytoplankton that constitute an
important part of both biomass, growth, and export in many
regions (Fawcett et al. 2011; Demory et al. 2018; Flombaum
et al. 2020). Second, we need to understand how ecosystem
processes vary at extreme nutrient concentrations or tempera-
ture and describe such conditions with more specificity than
the generic term “oligotrophic conditions.” Here, we propose
that our efforts be focused on the uptake affinity, growth, cel-
lular stoichiometry, and cycling of organic forms and done in
situ across diverse environments. Substantial variation in
these processes can occur during subtle shifts at nanomolar
concentrations (Hashihama et al. 2021) emphasizing the need
to accurately measure and simulate low nutrient conditions
(Martiny et al. 2019a). Similarly, we have a poor understand-
ing of how small changes in temperature affect cellular physi-
ology and ecosystem processes that takes into account the role
of adaptation (Schaum et al. 2017; Barton and Yvon-
Durocher 2019). Furthermore, we do not know if there are
bounds on adaptation to nutrient stress. For example, phyto-
plankton grow slowly at extreme C : nutrient ratios
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Fig. 5. Diversity and ecosystem function. Growth trait response to phos-
phate at constant light and temperature of a high-diversity plankton com-
munity (black) and for single species (red and blue). A simple model
simulation shows how the diverse community contain resilience over a
broad range of phosphate concentrations compared to single species.
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(Klausmeier et al. 2004) and a large fraction of DOM-bound
nutrients may be inaccessible even at elevated temperature.
Despite a weak observed link between phosphate and NPP,
there was still a growth depression at very low phosphate con-
centrations (Martiny et al. 2019a). Thus, a combination of bio-
geographic surveys, mechanistic studies, and a model
structure that allows for adaptation of diverse communities
are needed to understand the resilience of phytoplankton,
possible limitations to adaptation, and resulting biogeochemi-
cal processes.

Outlook
Will climate change lead to ocean desertification? There is

great uncertainty in how well our current ocean measure-
ments, concepts, and models can capture resilience in key bio-
logical responses and their associated biogeochemical impacts
in oligotrophic ecosystems. Phytoplankton can be resilient to
changes in nutrient availability leading to a more muted bio-
geochemical response to climate change than previously
thought. Imagine a scenario with rapid birth and death of
phytoplankton due to high temperature, very effective
recycling of nutrients, high cellular C : nutrient ratio, cellular
release of fixed carbon as DOC in the surface ocean, and par-
ticulate and dissolved organic material with high carbon-to-
nutrient ratios. Such an ecosystem could potentially support
large populations of small phytoplankton with very rapid rates
of (short-lived) primary production and increased energy
transfer to zooplankton and higher trophic levels. The effec-
tive stripping and recycling of nutrients would leave highly
carbon-enriched residual pools of DOM and POM and at least
partially decouple C export from nutrient inputs. The pres-
ented ideas are very different from a scenario with strong con-
nections between the upward flux of nutrient and nutrient-
stressed biomass, growth, and export productivity. The more
recent CMIP6 includes models with some of these adaptive
mechanisms for nutrient use. Here, it is much more uncertain
if NPP will decline with warming and stratification
(Kwiatkowski et al. 2020; Tagliabue et al. 2021), but it is yet
unclear if a muted response is linked to the mechanisms we
have discussed. At this point, it is impossible to say which of
these scenarios are correct. Thus, we suggest a combination of
new global measurements and models that allow for adaptive
responses are needed to accurate constrain and predict future
changes to ocean ecosystems and biogeochemical cycles.
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