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Freshwater blooms of phytoplankton affect public health and ecosystemservices
globally"*. Harmful effects of such blooms occur when the intensity of a bloom is too
high, or when toxin-producing phytoplankton species are present. Freshwate

ms

resultin economiclosses of more than US$4 billion annually in the United States alone,

_primarily from harm to aguatic food production, recreation and tourism, and drinking-
water supplies®. Studies that document bloom conditions in lakes have either focused
only onindividual or regional subsets of lakes**%, or have been limited by a lack oflong-
termobservations””. Here we use three decades of high-resolution Landsat 5 satellite
imagery toinvestigate long-term trends in intense summertime near-surface
phytoplanktonblooms for 71large lakes globally. We find that peak summertime
bloomintensity has increased in most (68 per cent) of the lakes studied, revealing a
global exacerbation of bloom conditions. Lakes that have experienced a significant
(P<0.1)decreaseinbloomintensity are rare (8 per cent). The reason behind the
increase in phytoplankton bloom intensity remains unclear, however, as temporal
trends do not track consistently with temperature, precipitation, fertilizer-use trends
or other previously hypothesized drivers. We do find, however, that lakes with
decrease inbloom intensity warmed less compared to other lakes Kes, suggesting thatlake
warming may already be counteracting management efforts to ameliorate _

R, Sty

eur;rophlcatlon10 "L, Our findings support calls for water quality management efforts to
——————
‘better accountror the interactions between climate change and local hydrological

conditions>®,

Thereportedincidence of toxic phytoplanktonblooms has risen consid-
erably over the past half-century. Whileitis generally understood that
nutrient loading drives phytoplankton blooms®, the degree to which
bloom conditions are changing globally and the factors that drive these
changes among multiple interacting stressors'® are still uncertain®.
Anunderstanding of global patterns, trends and drivers is necessary,
however, for designing effective managementand remediation strate-
gies'®. Whereas paststudies synthesizing information on the long-term
trendsin phytoplanktonblooms of lakes have been limited by data avail-
ability, recent advances in cloud-based parallel computing have made it
possible toleverage high-resolution freely accessible satellite imagery
over large areas, enabling the study of long-term environmental trends
on aglobal scale®®,

Here, we take advantage of these advances to generate a long-term
record of intense, near-surface phytoplankton blooms for dozens of
large lakes across the globe. We use data from the Landsat 5 satellite to
generate time series of peak summer bloom intensity from 1984 to 2012
for 71lakes in 33 countries across 6 continents (Fig, 1), In total, the data
span 30,922 scenes and 72.6 billion lake pixels. The study lakes span a
broad range of physical characteristics and degree of anthropogenic
impacts (Supplementary Table I; see Methods for a full description of
the implemented approach). Seasonal peak bloom intensity foragiven

lake and year is defined based on the maximum observed lake-wide near-
infrared signal magnitude, with a first-order correction of atmospheric
interference using the shortwave-infrared signal®. Remotely sensed
observations within the near-infrared partof the electromagnetic spec-
trumare sensitive to intense, near-surface algal blooms (see Methods).
Aninitial superset of 154 lakes was selected based on their inclusion in
previous studies that leveraged remote sensing by satellites?>®, thus
reducing thelikelihood thatpersistent cloudiness obscured the images.
These lakes all have surface areas of more than 100 km?; globally, lakes
within this size range contain approximately 95% of all water stored in
lakes™. Data of lakes for which little signal was observed throughout
the study period, as well as data of lakes for which the signal was far
outside the range over which the original algorithm was designed?,
were removed. A smaller number of additional lakes were removed
due to previously documented evidence of a lack of phytoplankton
blooms. Of the final selected lakes, 38 have a documented presence of
harmful cyanobacterial species, while the rest show evidence of other
phytoplankton species (10 lakes) or no reported evidence of blooms
(23lakes). Given the heterogeneity in lake characteristics, the time series
ofthe interannual bloom intensity for each lake is normalized by its own
long-term mean and s.d. to assess the relative change in bloom inten-
sity over time, This approach eliminates the need to compare absolute

'Department of Global Ecology, Carnegie Institution for Science, Stanford, CA, USA, *Department of Civil and Environmental Engineering, Stanford University, Stanford, CA, USA. *NASA
Goddard Space Flight Center, Greenbelt, MD, USA. “Science Systems and Applications Inc, Lanham, MD, USA, *e-mail: jeffho@stanford.edu; michalak@stanford.edu

Nature | Vol 574 | 31October 2019 | 667



Article

V¥ Decreasing (P < 0.1)
O Decreasing (P> 0.1)

Fig.1| Globaldistribution of lake bloomintensity trends shows that the
peak summertimebloomintensity hasincreased since the1980s. The map
showsbloomintensity trends for all 71 study lakes for the period 1984-2012
{Supplementary Table 1). Colours and symbols indicate whether the bloom

magnitudes across lakes, which has been an important barrier to past
syntheses across lakes?.

We find that the implemented algorithm is able to successfully
capture previously documented spatial gradients in the severity of
phytoplankton blooms withinindividual lakes and temporal trendsin
phytoplankton bloom intensity for specific lakes (Extended Data Fig. 1
and Methods). Using simulations of atmospheric radiative transfer,
we also find that the algorithm is insensitive to reported variations
in Landsat 5 orbit or image radiometric quality, primarily owing to
the strong signal that arises from the intense, near-surface blcoms
identified in study lakes (see Supplementary Information). These
results suggest that asingle algorithm can indeed identify intense phy-
toplankton blooms despite the large differences in optical properties
across lakes™, as long as the focusis on interannual rather than inter-
lake variability. This lends support to the approach implemented in
this study for tracking long-term trends globally. We then used all 71
study lakes to assess global trends in summertime peak phytoplank-
ton bloom intensity. We also used a subset of 49 lakes with at least
14 years of data to explore more detailed historical temporal patterns
in phytoplankton bloom conditions, for which the 14-year threshold
was selected on the basis of previously published studies on global
lake temperatures®?¥,

We find that peak summertime phytoplankton bloom intensity has
increased inmore than two-thirds of study lakes since the 1980s (48 out
of 711akes) (Fig. 1). Increases in bloom intensity are statistically signifi-
cantfor close to a third of all lakes (P< 0.1 for 22 out of 71 1akes), whereas
only 6 lakes exhibited a statistically significant decrease in intensity
(P<0.1). Asimilar proportion of lakes has anincreasing bloom intensity
among those with a documented presence of cyanobacteria (24 out of
381akes) compared to lakes without cyanobacteria (24 out of 33 lakes),
and the proportion of lakes with increases in bloom intensity is also con-
sistentacrosslakes with different areas, volumes, mean and maximum
depths, and latitudes (see Supplementary Table 1 and Supplementary
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intensity decreased (blue) orincreased (red), and whether the trend is
statistically significant (triangles for P< 0.1; circles for P> 0.1). The base map was
generated using Generic Mapping Tools*.

Information). IE@WEE wide-
spread globally and across lake types, in contrast to previoushypotheses
of differentialimpacts as a function oflatmm
finding provides a global perspective thatis consistent with surveys of
sedimentary recordsacross temperate-subarctic lakes® that showsharp
increasesinthe concentrations of cyanobacterial pigments after 1985.
This finding also corroborates putative trends of increasing harmful
cyanobacterial blooms globally17 and counters the hypothesus that
increased reporting oftoxicb blooms isinstead aby-producto ofmé‘é&'
_sgentn“ cattention®,
We find that lake phytoplankton bloom histories follow one of four
prototypical pathways, termed here ‘sustained improvement’, ‘improve-
ment then deterioration’, ‘deterioration’ and ‘no significant trend’
(Fig.2a-d and Methods). The two pathways thatinclude deteriorating
conditions reveal thatincreases in peak bloom intensity occurred pre-
dominantly inthelatter half of the study period (Fig. 2b, ¢). For example,
three-quarters of study lakes (51 out of 68) with sufficient data for the
second half of the study period (1998-2012) exhibited an increase in
bloom intensity during this period, whereas only a third (22 out of 66)
experienced an increase during the first half (1984-1997). The reason
behind the temporal coherence of changes in phytoplankton bloom
intensity remains unclear, as temporal trendsdonot track (consistently

WIth temperature, precipitation, fertilizer-use trends, satellite data

mologmal characteristics of individual Takes -
(Extended Data ~5an “Tientary Information), nor are
there widespread trends inthe seasonal timing of peak bloomintensity
(see Supplementary Information).

We find that although lakes that exhibited sustained improvement
wererare (n= 6), they experienced less warming {or more cooling) rela-
tive to those that exhibited improvementthen deterioration (P=0.09;
Fig.3 and Extended Data Fig. 6), suggesting that lake warming may have
counteracted management efforts in the latter group. This finding sug-
gests that nutrient reduction targets based on historical relationships
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Fig.2|Lake bloom historiesfollow one of four prototypical pathways.

a-d, Timeseries for lakes with atleast 14 years of data (n=49) categorized by
historical pathway. Grey lines show 5-year moving averages of normalized bloom
intensity, with coloured lines showing pathway averages across lakes. The time

between bloom severity and nutrient loading may have to be revised
int xtof elimatechange, as has been hypothesized”. General-
izing the impact of warming across a wide range of lakes isinadvisable,
however, as trends across the full lake ensemble showed little direct
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Fig.3|Lakesthat experienced improvementsinbloomconditionstend to
have experiencedlittle to no warming. Box plots of the water temperature
trend (1985-2012) binned by lake historical pathway. Each box extends fromthe
firsttothe third quartile values, with aline at the median. The whiskers extend to
1.5xtheinterquartile range from the edges of the box. The plus symbols show
ouctlier values past the end of the whiskers.

series of thebloom intensity z-score for each lake is calculated using its own
historicalmean ands.d. e, Global distribution of lake pathways. The base map
was generated using Generic Mapping Tools®,

correlation with temperature (Fig.4, Extended Data Figs. 2, 3 and Supple-
mentary Information). Rather, these findings suggest that the effects of
global lake warming differ depending on lake-specific characteristics™,
and highlight the importance of assessing the role of lake attributes in
modulating the impact of temperature on nutrient—phytoplankton
relationships®,

Overall, this study provides a global view of trends in intense lacus-
trine near-surface phytoplankton blooms over the past three decades.
We examine bloom histories for lakes with widely differing character-
istics and geographical locations, and demonstrate the promise of
long-term satellite observations for tracking intense bloom conditions
across a heterogeneous set of systems to augment geographically and
temporally limited in situ monitoring efforts. Our results corroborate
the putative reported increase in bloom occurrence and intensity glob-
ally, and highlight that lakes that have exhibited a long-term decrease in
bloomintensity are rare. Results further show that sustained decreases
inbloomintensity are more likely to have occurred in lakes with little
or nowarming, suggesting that rising lake temperatures may hamper
environmental recovery, and illustrating the importance of identify-
ing factors that make some lakes more susceptible to the effects of
warming.
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Fig.4|Lake bloom histories showno consistent correspondencewith
temperature, precipitationand fertilizer use. a-h, Five-year moving averages

ofnormalized near-surface bloom intensity, summer lake temperatures, and
total precipitationand fertilizer application rate over the watershed for eight
prototypical lakes. a-d, Lakes follow the sustained imprevement pathway.

e-h, Lakesfollow the deterioration pathway. Thicker temperature, precipitation
and fertilizer linesindicate that the Pearson correlation coefficient with bloom
intensityissignificant (P<0.1). Dashed lines indicate anti-correlations.
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