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Trends in phytoplankton communities within large marine
ecosystems diverge from the global ocean
Kevin D. Friedland, John R. Moisan, Aurore A. Maureaud, Damian C. Brady, Andrew J. Davies,
Steven J. Bograd, Reg A. Watson, and Yannick Rousseau

Abstract: Large marine ecosystems (LMEs) are highly productive regions of the world ocean under anthropogenic pressures;
we analyzed trends in sea surface temperature (SST), cloud fraction (CF), and chlorophyll concentration (CHL) over the pe-
riod 1998–2019. Trends in these parameters within LMEs diverged from the world ocean. SST and CF inside LMEs increased
at greater rates inside LMEs, whereas CHL decreased at a greater rates. CHL declined in 86% of all LMEs and of those trends,
70% were statistically significant. Complementary analyses suggest phytoplankton functional types within LMEs have also
diverged from those characteristic of the world ocean, most notably, the contribution of diatoms and dinoflagellates, which
have declined within LMEs. LMEs appear to be warming rapidly and receiving less solar radiation than the world ocean,
which may be contributing to changes at the base of the food chain. Despite increased fishing effort, fishery yields in LMEs
have not increased, pointing to limitations related to productivity. These changes raise concerns over the stability of these
ecosystems and their continued ability to support services to human populations.

Résumé : Les grands écosystèmes marins (LME) sont des régions très productives de l’océan planétaire exposées à des press-
ions d’origine humaine. Nous analysons les tendances de la température de la surface de la mer (TSM), de la proportion de
nuages (PN) et de la concentration de chlorophylle (CHL) durant la période de 1998 à 2019. Les tendances de ces paramètres
dans les LME divergent de celles de l’océan planétaire. La TSM et la PN ont augmenté plus rapidement dans les LME, alors
que la CHL a diminué plus rapidement. Cette dernière a diminué dans 86 % de tous les LME, 70 % de ces baisses étant statisti-
quement significatives. Des analyses complémentaires indiqueraient que les types fonctionnels de phytoplancton dans les
LME ont également divergé de ceux de l’océan planétaire, notamment en ce qui concerne les contributions des diatomées
et des dinoflagellés, qui ont baissé dans les LME. Les LME semblent se réchauffer rapidement et recevoir moins de rayonne-
ment solaire que l’océan planétaire, ce qui pourrait contribuer à des changements à la base de la chaîne alimentaire. Malgré
un effort de pêche accru, les rendements des pêches dans les LME n’ont pas augmenté, ce qui indique des limites reliées à
la productivité. Ces changements soulèvent des inquiétudes concernant la stabilité de ces écosystèmes et leur capacité de
continuer à soutenir des services aux populations humaines. [Traduit par la Rédaction]

Introduction
Seafood production is dependent on multiple factors, not least

of which includes the productivity of phytoplankton at the base
of marine food webs. Phytoplankton biomass is dynamic, chang-
ing seasonally with the timing and intensity of blooms, and sub-
ject to shifting climate conditions. A principal factor that can
change phytoplankton bloom initiation, duration, and biomass
is the shoaling of mixed layer depths due to increasing tempera-
ture, which limits vertical mixing (Somavilla et al. 2017) and the
redistribution of dissolved nutrients (Henson et al. 2013). Argu-
ably the most prominent aspect of climate change has been the
change in thermal regimes on both global and local scales (Cheng

et al. 2019). There is growing evidence that the lower trophic levels
of marine ecosystems have been responding to climate factors as
evidenced by changes in productivity (Roxy et al. 2016), phyto-
plankton community structure (Dutkiewicz et al. 2019), and
bloom phenology (Friedland et al. 2018). While it is anticipated
that climate change will alter the vertical structure of the water
column, it is worth noting that stratification has already under-
gone substantial change in recent years (Yamaguchi and Suga
2019).
Hence, it is prudent to examine responsive change in lower

trophic levels to these contemporary trends in climate, allowing
us to gauge current and near future trajectories of system pro-
ductivity and the potential for sustained seafood yields.
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Prior to the development of remote-sensing thermal and ocean
color measurement systems, it was difficult to characterize the
change in temperature and chlorophyll concentration in marine
ecosystems on a global scale. The time series for remote-sensing
data have matured and now allow for the simultaneous compari-
son of multiple parameters for a period of over two decades
(Groom et al. 2019). Temperature can influence processes in ma-
rine ecosystems at both the individual and system levels; individ-
uals can respond to temperature increases with a change in base
metabolism (Dantas et al. 2019) and populations can respond
with shifts in trait variation (Salo et al. 2020). Changes at the indi-
vidual level can then cause marine ecosystems to reorganize as
the distributional ranges of species shift and community richness
changes, most demonstratively related to temperature change (Batt
et al. 2017; Frainer et al. 2017; Burrows et al. 2019). While fishing has
historically had the greatest influence on marine ecosystem struc-
ture andproductivity (Shackell et al. 2012), climate effects are increas-
ingly becoming the dominant forcing factors (Merillet et al. 2020).
The availability of longer and richer time series of temperature and
fisheries data has likely influenced the development of hypotheses of
climate control of marine ecosystem function towards ideas that are
largely temperature-centric.
Primary production estimates in marine ecosystems are con-

strained by seasonal and transient variations in light reaching
the ocean surface. The quantity of photosynthetically active radi-
ation (PAR) can vary by an order of magnitude with changing
cloud conditions. In the Indian Ocean, measurements of PAR
associated with clear skies were in excess of 600 lmol·m�2·s�1;
however, cloudy conditions typically lowered PAR to less than
100 lmol·m�2·s�1 (Jyothibabu et al. 2018). In Antarctic waters,
chlorophyll concentration was found to be correlated with PAR
and measured cloud fraction, which demonstrates the light limi-
tation of phytoplankton biomass (La and Park 2016). This effect
was most closely associated with mid- and high-level clouds in
the study area. Strom et al. (2010) conditioned estimates of water
column productivity with cloud cover and pycnocline depth as
covariates, and concluded that both had direct effects on light
availability and indirect effects on phytoplankton physiology.
They noted that cloud cover would likely be an important climate
change factor affecting primary production in the Gulf of Alaska.
The variation in light level, both the level of solar radiation and the
time course of light availability, can play a role in determining the
dominant species contributing to seasonal blooms (Joy-Warren
et al. 2019). This phenomenon can have important ramifications
when diatoms or chlorophyte bloom taxa are replaced by cyanobac-
teria species given the appropriate light conditions, with obvious
implications for food chain transfer of newly fixed carbon. Micro-
plankton such as diatoms aremore readily captured by grazing spe-
cies and facilitate the transfer of energy inmarine food webs (Wirtz
2012; Harvey et al. 2019), whereas picoplankton such as cyanobacte-
ria tend to be filtered less efficiently and are often refractory to
digestion raising concerns about their effects on food web stability
(Ullah et al. 2018).
The overall stability of ecosystems is related to the stability of

lower trophic level productivity, which can directly influence the
capacity to produce surplus biomass to support fisheries and
exert control over the stability of fisheries-related economic sys-
tems. Ecosystem stability has been described as a function of energy
flow among producers and consumers (Huxel and McCann 1998),
and when trophic transfer is inhibited by thermally related factors,
new equilibrium among phytoplankton functional groups can be
established (Ullah et al. 2018). This can be particularly problematic
when groups like cyanobacteria begin to dominate and tend to be a
refractory food resource (Friedland et al. 2005); however, some cya-
nobacteria taxa can also be toxic, which can affect the human

consumption of seafood (Paerl 2018). The energyflow inmarine eco-
systems is event driven by the timing andmagnitude of production
cycles; hence, phenological mismatches can be of critical impor-
tance. The reproductive cycles of many marine species are timed to
match seasonal production of blooms to benefit the feeding of early
life stages. For example, recruitment success in marine fish can be
affected by the timing of seasonal blooms (Asch et al. 2019). Bloom
production variability can also affect the growth and reproduction
in adult populations by impacting the availability and energy con-
tent of forage species (Durant et al. 2019). Perturbations among
higher trophic level species affect the diversity and stability of the
ecosystem, which often results in a shift in fishery exploitation to
lower trophic level taxa, hence exacerbating the problem of system
stability maintenance (Howarth et al. 2014). These perturbed
ecosystems are often continental shelf large marine ecosystems
(Halpern et al. 2007), which are a focus of both global and national
food security since the fisheries in large marine ecosystems play a
more important role in providing harvestable seafood than high
seasfisheries (Schiller et al. 2018).
The aim of this study is to examine contemporary trends in sea

surface temperature, cloud fraction, and chlorophyll concentra-
tion from remotely sensed data sources for the Global Ocean,
with particular focus on large marine ecosystems (LMEs). LMEs
are defined according to range of factors, and have come to provide a
way to differentiate continental seas from the open ocean (Sherman
1991). LMEs cover approximately 25% of the world’s oceans, but
generate 80% of global fisheries production (Christensen et al.
2008) and provide on the order of $USD 13 trillion in ecosystem
services (Costanza et al. 2014). Trends in lower trophic level
indicators are further scrutinized for potential change in domi-
nant phytoplankton functional types (PFT), again contrasting
change inside and outside LMEs. Finally, trends in fisheries
catches and catch per unit effort (CPUE) are investigated as a
potential indicator of integrated change among higher trophic
levels to changes in the physical environment and lower trophic
levels.

Materials and methods

Remote-sensing data sources
We utilized remote-sensing data from multiple sensors span-

ning the period 1998–2019 to develop our depiction of physical
and biological change globally and within Large Marine Ecosys-
tems. LMEs are global biomes bounded by the coast and the
extent of the continental shelf, with each LME generally having
distinct bathymetry and hydrography (Sherman and Duda 1999).
LMEs have higher productivity and host more diverse biological
communities than found in the open ocean (see online Supplemen-
tary Fig. S11). Sea surface temperature (SST) data were sourced from
the NOAA Optimum Interpolation Sea Surface Temperature Analy-
sis (OISST) dataset version 2.0, which provides high resolution sea
surface temperature (Reynolds et al. 2007). SST was examined at a
spatial resolution of 1° and temporal resolution of 1 month, which
are available from the Physical Sciences Laboratory website (https://
psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html). We examined
remote sensing parameters available from the Hermes GlobColour
website (http://hermes.acri.fr/) including chlorophyll a concentration
(CHL) and cloud fraction (CF). CHL was based on the Garver, Siegel,
Maritorena Model (GSM) merged data product that combines a four-
sensor time series (including Sea-viewing Wide Field of View Sensor
(SeaWiFS), Moderate Resolution Imaging Spectroradiometer on the
Aqua satellite (MODIS), Medium Resolution Imaging Spectrometer
(MERIS), and Visible and Infrared Imaging/Radiometer Suite (VIIRS)
sensors) using a bio-optical model inversion algorithm (Maritorena
et al. 2010). CF was calculated as the percentage of pixels flagged as
cloudy and is also amerged data product.

1Supplementary data are available with the article at https://doi.org/10.1139/cjfas-2020-0423.
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Table 1. Summary of relationship between various phytoplankton types, their range of observed size classes and associated pigments adapted from Jeffrey et al. (2011) and Kramer and
Siegel (2019).

Red algal lineage Green algal lineage Cyanobacteria

Diatoms Dinoflagellates Chrysophytes Pelagophytes Haptophytes Cryptophytes Prasinophytes Euglenoids Chlorophytes Trichodesmium Synochococcus Prochlorococcus

Class size

Micro +* +* + – + – – +* + + + +

Nano + + +* +* +* +* +* + +* + + +

Pico – – + + + – + – + +* +* +*

Chlorophylls
MV Chlorophyll a 4 4 4 4 4 4 4 4 4 4 4 0

DV Chlorophyll a 0 0 0 0 0 0 0 0 0 0 0 5

MV Chlorophyll b 0 2 0 0 0 0 4† 4† 4† 0 0 0

DV Chlorophyll b 0 0 0 0 0 0 0 0 0 0 0 5†

Chlorophyll c12 3 3 4 4 3 3 0 0 0 0 0 0

Chlorophyll c3 3 3 0 2 3 0 0 0 0 0 0 0

Xanthophylls
Alloxanthin 0 1 0 0 0 4† 0 0 0 0 0 0

Diadinoxanthin 4 3 0 4 4 0 0 4 0 0 0 0

Diatoxanthin 3 3 0 3 3 0 0 3 0 0 0 0

Fucoxanthin 4† 3 4 4 4 0 0 0 0 0 0 0

Neoxanthin 0 2 0 0 0 0 4 3 4 0 0 0

Violaxanthin 2 2 4 0 0 0 4 3 4 0 0 0

Zeaxanthin 2 2 4 4 0 0 3 3 3 4† 4† 4†

19 0-Butanoyloxy-fuxoxanthin 0 2 0 4 3 0 0 0 0 0 0 0

19 0-Hexanoyloxy-fucoxanthin 0 2 0 0 3† 0 0 0 0 0 0 0

Peridinin 0 3† 0 0 0 0 0 0 0 0 0 0

Prasinoxanthin 0 1 0 0 0 0 3 0 0 0 0 0

Lutein 0 0 0 0 0 0 3 0 4 0 0 0

Note: Class size: micro >20lm; nano 2–20lm, pico 0.2–2lm. Numbers associated with pigments denote the level of pigment occurrence within each taxonomic group, (0) not present, (1) trace, (2) rarely present,
(3) often present, (4) always present, (5) unique.

*Notes the size class that the group is most prominent within.
†Pigments used in the Hirata et al. (2011) algorithms.
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Phytoplankton functional types
The space and time distributions of the PFTs were calculated

using a combination of methods developed by Hirata et al. (2011)
and Moisan et al. (2017). In the Moisan et al. (2017) study, a satellite-
basedmodel for PFTs was developed using pigment measurements
from high-performance liquid chromatography (HPLC) analysis
and hyperspectral phytoplankton absorption spectra to estimate
the pigment-specific absorption spectra for 18 different pigments.
The underlying technique involves an inversion using the absorp-
tion and pigments at each specific wavelength using singular value
decomposition (SVD; Press et al. 1987) to estimate pigment-specific
absorption spectra. These spectra were then used with phyto-
plankton absorption spectra that were modeled as a function of
chlorophyll a using a simple second-order function. Satellite
observations of chlorophyll awere then used to estimate the phy-
toplankton absorption spectra. These estimated spectra, together
with the pigment-specific absorption spectra, were used with the
non-negative least squares (NNLS; Lawson and Hanson 1995) inver-
sion method to estimate the individual phytoplankton pigment
concentrations.
Phytoplankton can be divided into various size classes and

functional types based upon their associated pigment composi-
tions. The data in Table 1 were adapted from Kramer and Siegel
(2019) using information on size class distributions and pigment
associations for various phytoplankton taxa from Jeffrey et al.
(2011) and references therein. Estimates of the biomass (percent
total chlorophyll a) of five PFTs: diatoms, dinoflagellates, green
algae, cyanobacteria, and prymnesiophytes, were made using
resulting individual phytoplankton pigment concentrations
with the PFT formulas of Hirata et al. (2011); see Table 2 for for-
mula specifics.

Strategies to characterize trends
We evaluated the time series changes in temperature using a

Mann–Kendall nonparametric test of trend. We calculated
Kendall’s tau test for the significance (two-tailed test) of a mono-
tonic time series trend (Mann 1945) and calculated Theil-Sen
slopes of trend, which is the median slope joining all pairs of
observations using the R package “zyp” (version 0.10-1.1). We used
the Yue and Pilon method option in that package to estimate
Theil-Sen slopes and perform auto-correlation corrected Mann–
Kendall tests (Yue et al. 2002). We first calculated the trend for
SST, CF, and CHL for the globe on a 1° pixel basis and calculated
themeans of pixel trends as partitioned by latitude and longitude.
We then summarized these trends by computing the mean pixel
trend globally and those within the boundaries of LMEs. Next,
time series of SST, CF, and CHL for each LME were assembled and
trends were tested.
As a precaution to the concern that the trends in CHL in partic-

ular may be influenced by strong signals in some subset of the
LME data, times series of mean CHL was partitioned by LME with
and without significant trends based on the raw data and on the
first dimension of a principal component analysis (PCA) of these
data groupings. A similar approach was used in the analysis of
the PFT data. Trend in PFT was calculated as the change in per-
cent contribution of a PFT over the globe and within and outside
LMEs.

Global and largemarine ecosystem fishery yields
Global and LME fishery yields were considered from two perspec-

tives, the total catch attributed to world fisheries and measures of
CPUE. Fishery removals or total catch data were assembled from the
database described in Watson and Tidd (2018). This approach to

Table 2. Phytoplankton functional type algorithms fromHirata et al. (2011) used in this study.

PFT Diagnostic pigment Estimation formula

Diatoms Fucoxanthin (Fuco) 1.41Fuco/
P

DPa

Dinoflagellates Peridinin (Perid) 1.41Perid/
P

DP
Green Algae Chlorophyll b (Chl-b) 1.01Chl-b/

P
DP

Prymnesiophytes 19 0-Butanoyloxy-fuxoxanthin (But) (1.27Hex + 0.35But + 0.60Allo)/
P

DP
19 0-Hexanoyloxy-fuxoxanthin (Hex)

Cyanobacteria Zeaxanthin (Zea) 0.86Zea/
P

DP
aPDP = 1.41Fuco + 1.41Perid + 1.26Hex + 0.6Allo + 0.35But + 1.01Chl-b + 0.86Zea = Chl-a (Uitz et al. 2006).

Fig. 1. Global trend in sea surface temperature as Theil–Sen slope estimates in units of °C·decade�1 for the period 1998–2019. In addition
to national boundaries, outline shapes of large marine ecosystems (LMEs) added to the map. Map drawn using “raster” package in R, with
the addition of LME outline from shapefile data obtained from www.sciencebase.gov. [Colour online.]
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globalfisheries sought to harmonize publicly available data andmap
catches to 0.5° resolution cells guided by the ranges of the reported
taxa, inshore fishing arrangements, and satellite data where appro-
priate. These data include estimates of reported and nonreported
catch byfishing sector; however, they do not specifically provide esti-
mates of recreational catch. We examined the trend in global fish-
eries, and fisheries within and outside LME boundaries during the
period nearly matching the extent of the remote sensing data, 1998–
2018. We also tested the trends for catch time series of individual
LME fisheries. Mapped effective fishing effort by country and sector,
adjusted for annual changes in technological efficiency, was based
on estimates of vessel numbers and engine power as described in
Rousseau et al. (2019). CPUE was defined as the ratio of total catch,
including discards and illegal, unreported, and unregulated fishing
(IUU), to the total effective effort in an area. As with the catch data,
the CPUE time series were also disaggregated between global fish-
eries and fisheries within and outside LME boundaries; however, the
CPUE data were only available over the period 1998–2015. Moreover,
as with the catch data, we tested the trends for CPUE time series of
individual LMEfisheries.

Results

Global patterns of SST, CF and CHL trend
The global pattern of contemporary change in SST revealed dis-

tinct differences in themagnitude and direction of thermal shifts
by ocean basin over the 22 years of observations. Warming appears
most pronounced in the eastern Pacific, western Atlantic, Arctic,
and Indian oceans, whereas cooling was evident in the North

Atlantic, western Pacific, and Antarctic oceans (Fig. 1). It is impor-
tant to note that these trends are conditioned on the study period
1998–2019 andwill likely vary fromother depictions using different
time series. The mean of all trend estimates over the globe was
approximately 0.11°·decade�1; however, the mean trend within
LMEs was approximately 0.16°·decade�1 (Fig. 2a). Outside of LMEs,
the mean trend in SST was less than 0.1°·decade�1. Mean SST trend
was positive over all latitudes except a narrow band in the Southern
Hemisphere from 56–70 °S (Fig. 3a). Similarly, mean SST trend was
positive over most longitudes except for two bands of cooling, one
associated with the North Atlantic and another in the eastern In-
dianOcean (Fig. 4a).
Cloud fraction generally increased over most of the globe and in

particular over low latitudes. CF increased in excess of 20%·decade�1

in some locales and declined at modest rates in Pacific eastern
boundary areas, the south Atlantic and Indian oceans (Fig. 5). The
global increase in CF averaged 2.15%·decade�1 and as with the pat-
tern observed for SST trends, CF trend inside LMEswas greater than
the global mean and the trend outside LME was slightly less
(Fig. 2b). CF trend was positive over most latitudes and trended
higher near the equator (Fig. 3b). CF trend was positive over all
longitudes with the highest rates associated with the region of
the Arabian Sea (Fig. 4b).
Trend in chlorophyll concentration was more spatially complex

than the patterns observed for SST or CF. Both positive and nega-
tive trend hot spots appeared within many continental shelf areas
(Fig. 6). The global trend in CHL averaged �0.02 mg·m�3·decade�1

with the trends inside LMEs averaging some three-fold higher
decline or a mean rate less than �0.06 mg·m�3 (Fig. 2c). CHL trend
wasmostly negative over latitudes north of 38°S (Fig. 3c). CHL trend

Fig. 2. Mean of 1° Theil–Sen slope estimates of sea surface
temperature (SST, a), cloud fraction (CF, b), and chlorophyll
concentration (CHL, c) as decadal rates over the globe (GLOBE),
within large marine ecosystems (IN), and outside large marine
ecosystems (OUT) for the period 1998–2019; error bars are 99%
confidence intervals. [Colour online.]

Fig. 3. Mean trends in sea surface temperature (SST, a), cloud
fraction (CF, b), and chlorophyll concentration (CHL, c) as decadal
rates by latitude for the period 1998–2019. Three values in CHL
plot are off scale: 78°S: –0.42; 76°S: –0.31; and 84°N: 0.11. [Colour
online.]
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was negative over most longitudes with the highest rates associ-
atedwith a region of the IndianOcean (Fig. 4c).
To summarize, trends in SST, CF, and CHL in LMEs depart from

global mean trends suggesting LME regions are warming more
rapidly, experiencing greater cloud cover, and have reduced phy-
toplankton biomass compared to other parts of the world ocean.

Trends in SST, CF and CHL in individual LMEs
Trends in SST, CF, and CHL within individual LMEs followed

the same patterns of change indicated by the mean trends on
global scales. The SST in 49 LMEs trended positive, which repre-
sents 74% of all LMEs (Table 3 and see Supplementary Table S11

for statistics for each LME). Of the SST trends in LMEs, 23 were sig-
nificant at p < 0.1, all of which were positive trends. The trends
for CF were even more skewed than the SST trends; 60 or 91% of
the individual LME trends were positive. There were 30 signifi-
cant CF trends by LME, 29 of which were positive trends. As in the

Fig. 4. Mean trends in sea surface temperature (SST, a), cloud fraction (CF, b), and chlorophyll concentration (CHL, c) as decadal rates by
longitude for the period 1998–2019. [Colour online.]

Fig. 5. Global trend in cloud fraction as Theil–Sen slope estimates
in units of %·decade�1 for the period 1998–2019. In addition to
national boundaries, outline shapes of large marine ecosystems
(LMEs) added to the map. Map drawn using “raster” package in R,
with the addition of LME outline from shapefile data obtained
from www.sciencebase.gov. [Colour online.]

Fig. 6. Global trend in chlorophyll concentration as Theil–Sen
slope estimates in unit of mg·m�3·decade�1 constrained to 60.7
for the period 1998–2019. In addition to national boundaries,
outline shapes of large marine ecosystems (LMEs) added to the
map. Map drawn using “raster” package in R, with the addition of
LME outline from shapefile data obtained from www.sciencebase.
gov. [Colour online.]

Table 3. Counts of large marine ecosystems (LMEs) with negative and
positive Theil–Sen slope estimates of sea surface temperature (SST), cloud
fraction (CF), and chlorophyll concentration (CHL) and counts of LMEs
with significant negative and positive slopes in the same parameters.

Category Value SST CF CHL

All LMEs with negative trend 17 6 57
Percentage 26% 9% 86%
LMEs with positive trend 49 60 9
Percentage 74% 91% 14%

Significant LMEs with negative trend 0 1 40
Percentage 0% 3% 100%
LMEs with positive trend 23 29 0
Percentage 100% 97% 0%
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global data, 57 LMEs had negative CHL trends, representing 86%
of the total. Of these trends, 40 were significant, all of which
were negative trends. To provide further context for the change
in CHL within LMEs, mean CHL for all LMEs is plotted in Fig. 7a,
which suggests CHL has declined by 0.2 mg·m�3 over the period.
In LMEs without significant change in CHL, concentrations were
virtually unchanged over the study period (Fig. 7b). Finally, in LMEs
with significant trends, CHL has declined nearly 0.3 mg·m�3 over
the study period (Fig. 7c). The same trends were characterized with
principal components (Figs. 7d–7f); since the first dimension of the
PCA data reflects the means of the raw data, we can have greater
confidence in the trends suggested by LME groupings.

Trend in PFT
The contribution of different PFTs, determined using the Moisan

et al. (2017) method, changed whether inside or outside LMEs. The
percent contribution of diatoms and dinoflagellates appears to
have decreased at a greater rate within LMEs compared to trends at
the global scale (Figs. 8a, 8b). Diatoms appear to have increased
in parts of the Global Ocean outside LMEs. On the other hand,
green algae, prymnesiophytes, and cyanobacteria appear to have
increased within LMEs (Figs. 8c, 8d, 8e). The global distribution of
the Theil–Sen slopes for each of these PFTs can be seen in Supple-
mentary Figs. S2 through S61. Trends within individual LMEs fol-
lowed the same patterns of change indicated by the mean trends
on global scales. The percent contribution of diatoms in 46 LMEs
trended positive, which represents 70% of all LMEs (Table 4 and
see Supplementary Table S21 for statistics for each LME). Of the
diatom trends in LMEs, 35 were significant at p < 0.1, 33 of which
were positive trends. Though not as strong a signal, 39 LMEs had
positive trends in the contribution of dinoflagellates and themajor-
ity of significant trends were positive. In contrast, at least 70% of the
LME trends for green algae, prymnesiophytes, and cyanobacteria

were negative; and, of the significant trends, at least 90% were
negative.

Trends in world fisheries
Though trends in catches and CPUE in global and LME fisheries

differed, they were both consistent in suggesting that fishery
resource biomass has not increased, and that the more likely
interpretation would be biomass has declined. Catch appears to
have decreased globally and within LMEs and increased outside
LMEs; however, the differences in these trends were of low magni-
tude (Figs. 9a, 9b, 9c). Global and LME catches both declined over
the study period at decadal rates of <0.001 and 1.0 106 t·decade�1,
respectively; however, neither trends were significant at any rea-
sonable probability level (Table 5). The fisheries catch trend outside
LMEs was weakly positive at 0.3 106 t·decade�1 and nonsignificant.
Negative trends of catch within individual LMEs numbered slightly
more than positive trends; 37 LMEs had negative trends, which
represented 56% of the total (Supplementary Table S31). Of these
LME trends, 37 were significant at p < 0.1 and 57% were negative.
Hence, the catch data suggest little change in biomass over the
study period.
On the other hand, trends in CPUE were negative and highly sig-

nificant for both global and inside and outside LMEs. The rate of
decrease in CPUE ranged from approximately 0.39 to 0.53 t� 10�3 per
unit of effort per decade, all of these trend estimates were signifi-
cant. Negative trends in CPUE within individual LMEs numbered
more than positive trends; 44 LMEs had negative trends, which
represent 66% of the total. Of these LME trends, only 29 were sig-
nificant at p < 0.1, probably owing to the short length of the time
series and the high degree of autocorrelation of some of the data.
However, 83% of the significant trends were negative. In contract
to the catch data, the CPUE data suggests a marked decline in bio-
mass over the study period.

Fig. 7. Mean chlorophyll concentration (CHL) time series in all large marine ecosystems (LMEs) (a), LMEs with nonsignificant trends (b),
and LMEs with significant trends (c). PC 1 of a principal components analysis of CHL time series in all LMEs (d), LMEs with nonsignificant
trends (e), and LMEs with significant trends ( f). [Colour online.]
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Discussion
We examined observational and remote sensing based global

data sets and found evidence of differential change in physical
and biological parameters between the global ocean and the
LMEs comprising continental shelf seas. Global warming trends
in the ocean surface layer were more intense in the LMEs than
the global ocean, which has been accompanied by a reduction in

solar radiation reaching these areas suggested by increasing
cloud fraction trends. Both changes in temperature and cloud
cover have the potential to reshape the timing and magnitude of
phytoplankton blooms (La and Park 2016; Trombetta et al. 2019).
The multi-sensor chlorophyll concentration data product sug-
gests these physical changes may have differentially caused a
stronger decline in phytoplankton biomass in LMEs compared to
the global ocean, a result that suggests phytoplankton commu-
nity structure within LMEs may have changed. Diatoms play an
important role in ocean food webs (Harvey et al. 2019), and the
reduction in the contribution of diatom taxa to phytoplankton
communities could be a point of concern for food webs dynamics
in LMEs. At face value, our estimates suggest that phytoplankton
biomass has had a decadal rate of decline approaching 10% of the
mean in LMEs as a whole. This decline, taken with the putative
change in phytoplankton communities in LMEs, places our focus
on the ability of these ecosystems to continue to support world
food security (Link et al. 2020). We have shown that world catch
corrected for nominal effort suggests a decline in upper trophic
level productivity in the ocean and in particular in LMEs. There
are many factors affecting resource species including exploita-
tion and other anthropogenic effects; however, this decline in
fisheries productivity is consistent with a decline in the produc-
tivity of lower trophic levels. We acknowledge that the satellite
time series we used are relatively short (22 years) to support the
confident identification of time series trends (Henson et al. 2016);
however, we took a duplicative approach in constructing our
trend test and we used conservative testing methods that applied
corrections for autocorrelation. We also recognize the continued
challenges in estimating chlorophyll concentration from remote
sensing data given the differences between the estimates of CHL
coming from different sensors and the drift in measurements
from individual sensors over time (Yuan et al. 2020). In addition,
we note that chlorophyll derived from remote sensing products
presents a 2-dimensional view of 3-dimensional processes, which
include mixed layer depth, light attenuation, and nutrient mix-
ing from subsurface waters (Doney 2006). All of which under-
scores the importance of in situ high-resolution validation of
chlorophyll, pigments, and remote sensing reflectance.
Climate-scale ocean modeling studies predict that accelerated

warming of the oceans will alter the vertical structure of the
upper water column by enhancing the density gradient at the
base of the mixed layer (Capotondi et al. 2012). A modeling study
aimed at understanding the impact of these changes on ocean
ecosystems (Jang et al. 2011) suggests that primary production
could be reduced by 11% to 40% due to decreased fluxes of nutrients
into the mixed layer. Moreover, this study suggests that spring
blooms could be initiated by as much as 13 days earlier. The pro-
jected increase in upper ocean temperatures should lead to earlier
onset of phytoplankton blooms, but the anticipated decreased nu-
trient fluxes could counter this effect, as lower nutrient fluxes will
likely slow the rate of bloom development. However, Somavilla
et al. (2017), using in situ observations and ocean reanalysis data,

Fig. 8. Mean of 1° Theil–Sen slope estimates of diatoms (a),
dinoflagellates (b), green algae (c), prymnesiophytes (d), and
cyanobacteria (e) as decadal rates over the globe (GLOBE), within
large marine ecosystems (IN), and outside large marine ecosystems
(OUT) for the period 1998–2019; error bars are 99% confidence
intervals. [Colour online.]

Table 4. Counts of large marine ecosystems (LMEs) with negative and positive Theil–Sen slope estimates of percent
contribution of diatoms (DIAT), dinoflagellates (DINO), green algae (GREEN), prymnesiophytes (PRYM), and
cyanobacteria (CYAN) and counts of LMEs with significant negative and positive slopes in the same parameters.

Category Value DIAT DINO GREEN PRYM CYAN

All LMEs with negative trend 46 39 20 20 18
Percentage 70% 59% 30% 30% 27%
LMEs with positive trend 20 27 46 46 48
Percentage 30% 41% 70% 70% 73%

Significant LMEs with negative trend 33 22 3 2 0
Percentage 94% 76% 10% 6% 0%
LMEs with positive trend 2 7 26 31 37
Percentage 6% 24% 90% 94% 100%
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notes that while seasonal changes in the mixed layer depth force
the observed seasonal evolution of the upper ocean ecosystem,
changes in themixed layer depth are not directly controlled by local
sea surface temperatures. Rather, large-scale circulation processes
influence the structure of the thermocline. Therefore, while SST lev-
els have generally increased for most of the ocean, they found that
mixed layer depths have not consistently shown coincident levels
of shoaling. In amore contemporary analysis, Sallée et al. (2021) found
that summertime mixed layer depths have deepened by approxi-
mately 3% per decade suggesting dramatic changes in the circulation
dynamics of theupper layer of the global ocean.
Climate change has had interconnected impacts on the hydro-

sphere through changes in energy flow through the atmosphere.
In addition to governing the way heat and kinetic energy is trans-
ferred to the ocean, the atmosphere affects the transmission of
solar energy. Phytoplankton growth is dependent on the amount
of PAR incident to the ocean surface, which can be disrupted by
shading clouds. With increasing global temperatures in recent dec-
ades, the atmosphere is holding more water vapor and producing
greater precipitation, especially along the coastal margins (Curtis
2019). Long-term change in cloud cover has not been uniform by
area or formation; low altitude, tropically distributed clouds have
generally decreased whereas more widely distributed convective
clouds have generally increased over time (Mishra 2019). Moreover,
clouds are not the only impediment to light transmission through
the atmosphere, since it has been found that aerosols have also
contributed to the general dimming effect seen globally since 2000
(Hatzianastassiou et al. 2020). Though anthropogenic forcing
related to greenhouse gases has had an effect on the change in
cloud distribution in time and space, decadal variability associated

with large-scale climate processes like the Pacific Decadal Oscilla-
tion or Atlantic Multidecadal Oscillation also affects the distribu-
tion of clouds (Chen et al. 2019). Though phytoplankton can adapt
to variability in subsurface light levels (Jyothibabu et al. 2018),
cloud cover has been found to have important impacts on a range
of ecological processes in addition to photosynthesis (Wilson and
Jetz 2016). Furthermore, a reduction in solar radiation may also
affect the phenology of phytoplankton blooms synergistically with
other drivers of ecosystemchange. Phytoplankton adapt their chloro-
phyll to carbon levels to optimize sunlight absorption and nutrient
availability (Behrenfeld et al. 2016; Castellani and Edwards 2017).
The larger impact seems to be a delay in the spring bloom due to
reduced rates of phytoplankton growth. However, if reductions in
light levels coincide with increased sea temperatures, which
cause spring blooms to occur earlier, the opposing impacts from
these two forcing factors should reduce the shift in the timing of
the spring blooms.
We concentrated on the cause and effect between temperature,

cloud fraction, and chlorophyll concentration; however, we are
cognizant of the fact that many other factors control lower-level
productivity. Basin boundary upwelling systems, which are some
of the most productive marine ecosystems in the world, are pri-
marily limited by the wind-driven supply of nutrients to the sur-
face (Pauly and Christensen 1995). Some coastal ecosystems are
affected by riverine nutrient inputs (Teixeira et al. 2018), a special
case being coastal glacial runoff that provides nutrients like iron
and silicic acid, but also actuates deep circulation that brings ni-
trate to the surface (Hopwood et al. 2018). Patterns of phytoplank-
ton productivity may also be controlled by the ecology of their
resting stages (Ellegaard and Ribeiro 2018) or grazing pressure
(Anderson and Harvey 2019). Many large marine ecosystems will
respond to climate change effects like increasing temperature
and diminishing solar radiation in much the same way; however,
it is easy to see where many LMEs may have exceptional and var-
ied responses to climate change depending on physical setting of
the ecosystem and biological factors that may be controlling phy-
toplankton growth.
Changes in the phytoplankton population composition are expected

to occur as ocean temperatures rise due to climate change. It is
expected that with increased stratification there will be decreased
nutrient flux to the photic layer contributing to temperature-
driven changes in phytoplankton population composition. Under
a regime of diminished nutrients, phytoplankton that thrive in
more nutrient-rich domains, such as diatoms and dinoflagellates,
should become less dominant and replaced by other functional
types such as small-celled prymnesiophytes and cyanobacteria, that
often thrive under nutrient-poor conditions (Burson et al. 2018). Dia-
toms have historically been identified as being the highest quality
food type within marine phytoplankton assemblages, due in part to
their ability to store lipids (Yi et al. 2017). They also play an important
role in Global Ocean biogeochemistry because of their need for sili-
cate and iron and rapid sinking rates (Smetacek 2018). Interestingly,
recent studies (Valenzuela et al. 2018) suggest that high pCO2 envi-
ronments favor marine diatom populations. Diatoms are the chief
food source for marine copepods, which are the dominant link in
marine food webs between phytoplankton and fish populations
(Turner 2004). The suggested differential change in the contribution
of diatoms between the Global Ocean and within LMEs should

Fig. 9. Time series of catch and catch per unit effort (CPUE) in the
global ocean (a), inside large marine ecosystems (b), and outside
large marine ecosystems (c). [Colour online.]

Table 5. Theil–Sen slope estimates for catch (t, �106)
and catch per unit effort (CPUE, �10�3) globally and
inside and outside large marine ecosystems.

Source Global Inside Outside

Catch 0.000 –1.000 0.310
CPUE –0.410 –0.393 –0.532

Note: Significant (p< 0.01) estimates shown in bold.
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provide sufficient rationale for further work on this important as-
pect ofmarine ecosystems.
The relationships between oceanographic conditions like tem-

perature, phytoplankton, and the yield of resource species are
challenging to understand, especially so under conditions associ-
ated with a changing climate. Increasingly, biotic communities
reflect control that can be attributed to climate change rather
than fishing pressure (Merillet et al. 2020). A reasonable expecta-
tion would be that higher trophic level species would suffer
decreased growth and biomass with increasing temperature and
declining primary production, noting that such biomass declines
have been observed in some regions (Lotze et al. 2019; Hastings et al.
2020). However, other examples suggest an expansion of abundance
and biomass in some ecosystems that have experienced changed cli-
mate conditions. For example, in temperate systems, changes in sys-
tem organization, often referred to as “tropicalization”, can result in
expanded habitats that accompany an overall increase in biomass
(Friedland et al. 2020). Similar expansion of species abundances have
also occurred in boreal systems associated with poleward move-
ments in species distribution (Spies et al. 2020), which has been
attributed to reorganized biotic interactions in food webs. In these
systems, generalist feeders move to higher latitudes and establish
themselves, promoting greater food web connectivity in the ecosys-
tem and facilitating energy transfer between pelagic and benthic
habitats (Kortsch et al. 2015; Frainer et al. 2017).Thenewly established
feeding interactions are considered novel since they are exploiting
previously underutilized pathways of energy flow (Pecuchet et al.
2020). Such changes, while favoring the abundance of generalist spe-
cies feeding on the benthic and pelagic pathways, also threaten
benthic specialist species. The establishment of demersal/benthope-
lagic generalist species into previously unoccupied northern areas
depends on benthic productivity (van Denderen et al. 2018; Petrik
et al. 2019), which is not investigated in this study. However, temper-
ate and boreal ecosystems may eventually become too saturated to
realize biomass gains from food web diversification despite reduc-
tions in growth due to changes in temperature and primary produc-
tion. Ensemblemodel projections predict declines in biomass at high
trophic levels over the next century due to increasing temperature
and decreasing primary production, the effect of which is concen-
trated or amplified (Lotze et al. 2019), resulting in a decrease in fish-
eries yield in the long-term.
Though any linkage between CHL and fishery yields within

LMEs is not conclusively established with our analysis, the puta-
tive trend in LME CPUE is at least consistent with a reduction of
lower trophic level productivity. The factors influencing catch on
global or local scales are numerous and complex owing to not
only ecosystem effects, but also due to social change and human
requirements. However, it should be noted that global fishing in-
tensity (effort) and efficiency, especially in the inshore LME areas,
has been continuously increasing to compensate for declining
catches (Bell et al. 2017; Rousseau et al. 2019). Given a steady state
regime of lower trophic level productivity, there would be an ex-
pectation of increasing yields with increasing effort (Watson
et al. 2013). Collectively, our observations suggest that the lower
trophic level productivity of LMEs has been in decline (Chassot
et al. 2010) and is limiting the productivity of upper trophic level
species and their catches, as previous work would suggest (Stock
et al. 2017). To emphasize the point, catches have not increased
despite increasing effort, most likely because of the declines in
system productivity. If some measure of decreasing LME fisheries
production were related to contracting phytoplankton commun-
ities, the ramifications would be widespread and concerning.
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