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Extreme events have increased in frequency globally, with a simultaneous surge in scientific interest about their ecological responses, particularly
in sensitive freshwater, coastal, and marine ecosystems. We synthesized observational studies of extreme events in these aquatic ecosystems,
finding that many studies do not use consistent definitions of extreme events. Furthermore, many studies do not capture ecological responses
across the full spatial scale of the events. In contrast, sampling often extends across longer temporal scales than the event itself, highlighting the
usefulness of long-term monitoring, Many ecological studies of extreme events measure biological responses but exclude chemical and physical
responses, underscoring the need for integrative and multidisciplinary approaches. To advance extreme event research, we suggest prioritizing
pre- and postevent data collection, including leveraging long-term monitoring; making intersite and cross-scale comparisons; adopting novel
empirical and statistical approaches; and developing funding streams to support flexible and responsive data collection.
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The increasing frequency and intensity of extreme
events driven by anthropogenic climate change pose a
significant threat to human society and ecosystems alike
(Li and Chakraborty 2020). Broadly, extreme events cause
significant damage to infrastructure and loss to human
communities. For example, between 2000 and 2019, nearly
twice as many major natural disasters occurred around
the world as did in the previous 20-year period, resulting
in US$2.97 trillion in economic losses (UNDRR 2020). In
addition to this hefty price tag, extreme events substantially
alter ecosystems, often with dramatic consequences for bio-
diversity and ecosystem structure and function (Kendrick
et al. 2019). Loss of structure and function can negatively
affect ecosystems services and further exacerbate the vul-
nerability of ecosystems and the built environment to future
extreme events. Understanding and predicting extreme
event drivers, dynamics, and responses has emerged as an
increasingly prominent research direction across natural
and social sciences over the last few decades, demonstrated
by the rapid growth of published research articles (figure 1).
However, progress is hindered by unclear definitions of
extreme event among and within disciplines and event types

and by conflation of the cause of the extreme event with
responses to the event (McPhillips et al. 2018). The result-
ing lack of clarity impedes research on extreme events and
on the responses of socioecological systems, with negative
consequences for communication, policy, and management.

Aquatic ecosystems and their provided services are dispro-
portionately affected by extreme events that rapidly disrupt
the hydrologic cycle (UNDRR 2020). Within this synthesis,
we define aquatic ecosystems as including any freshwater
(lakes, streams, wetlands), transitional (estuaries and coasts),
and marine (intertidal and subtidal zones, open ocean) eco-
systems (this usage is in keeping with the Association for the
Sciences of Limnology and Oceanography, which defines
aquatic science as “the study of the planet's oceanic and
freshwater environments”; www-aslo-org/what-is-aquatic-
science). Examples of extreme events that affect aquatic eco-
systems include changes to the hydrologic regimes in river
networks (iie., more extreme high- and low-flow conditions)
that significantly alter riparian plant communities, decrease
streambank resilience, and degrade biodiversity (Tonkin
et al. 2018). In the open ocean, marine heatwaves have
become more frequent, intense, extensive, and persistent
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Figure 1. Trends in the annual number of published
research articles on extreme events. The numbers of
research articles published per year based on a PubMed
search for articles including the term extreme event are
shown in black, the numbers of articles per year resulting
from a search including search terms extreme event and
biology or ecology are shown in green, the number of
articles per year resulting from a search including search
terms extreme event and biology or ecology and an aquatic
search term (marine, aquatic, ocean, lake, stream, river, or
coastal) are shown in blue. The last year of data depicted in
the graph is 2020.

over the past decades, with direct impacts on marine species
assembly, ecosystem stability, and fisheries (Frélicher et al.
2018). Although ecological responses are often ecosystem
and event specific, the increasing threat of extreme events
for aquatic ecosystems is likely to negatively affect both eco-
logically and societally important ecosystem services (e.g.,
water availability and biodiversity; Vorosmarty et al. 2010).
The context of what determines an “extreme” event is
nontrivial. For example, questions of event extent (i.e.,
How large a geographic area did the event affect? How long
did the event last?) and baseline or reference periods (i.e.,
What were the conditions before the event?) affect statisti-
cal thresholds such as the 90th percentile used to define
the extreme nature of the event (Seneviratne et al. 2012).
Still, extreme events should ultimately be delineated by the
preevent context (e.g., by historical occurrence or exceed-
ance benchmarks), enabling assessments against a baseline
or reference period (Abrahams et al. 2013). Clear defini-
tions enable comparisons between ecosystems; for example,
climatological definitions of marine heatwaves, proposed
by Hobday and colleagues (2016), enabled a global meta-
analysis of marine heatwave responses across biological
taxa and the identification of vulnerable regions in coming
decades (Smale et al. 2019). Similar definitions have been
applied to lakes to show patterns of increased length and
intensity of lake heatwaves in the twenty-first century, with
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consequences for understanding lake biodiversity and eco-
system services (Woolway et al. 2021a). Formalized defini-
tions may also enhance site-specific studies; for instance, in
an analysis of 35 tropical cyclones that occurred in a North
Carolina (in the United States) estuary over two decades,
water quality and biogeochemistry experienced a regime
shift caused by storms that exceeded 90th percentile thresh-
olds for wind or precipitation (Paerl et al. 2018). The ability
to make spatial and temporal comparisons places discrete
events and ecological responses into context, increasing our
understanding of phenomena such as species’ adaptation
and acclimation to climate change (Duarte et al. 2018), eco-
system resilience (Cavanaugh et al. 2019), and vulnerability
to regime shifts (Paerl et al. 2019).

Despite the susceptibility of aquatic ecosystems to extreme
events and their important implications for both biodi-
versity and human well-being, the majority of studies on
the ecological responses to these events have occurred in
terrestrial ecosystems (Maxwell et al. 2019), with relatively
poor understanding of responses across aquatic ecosys-
tems. As researchers work to address this knowledge gap,
we need to critically assess the methods and practices that
ecologists employ to study extreme events in aquatic eco-
systems. Understanding the status of current extreme event
research will enable aquatic ecologists to improve research
approaches, address gaps in understanding, and advance
the management of extreme event responses in these critical
ecosystems.

In the present article, we review and synthesize ecological
studies on the effects of extreme events in aquatic ecosys-
tems to determine how, where, and when ecologists study
these events. Following this literature review, we identi-
fied several key issues in ecological research approaches to
extreme events, including needs for clarity in definitions;
improved strategies to capture spatial and temporal varia-
tion; further training for ecologists and multidisciplinary
collaborators to successfully study extreme event responses;
and suggestions for tools needed to conduct this research in
the future. Below, we explore each of these topics in depth
and offer suggestions to advance studies of extreme events
across aquatic ecosystems.

Synthesis of extreme events in aquatic ecosystems

To examine how ecologists study the effects of extreme
events in aquatic ecosystems, we reviewed the scientific
literature using the Web of Science Core Collection. Our
search included all peer-reviewed English-language journal
articles available from Web of Science and published from
1 January 1965 to 15 February 2019. We searched using the
terms shown in supplemental table S1 to target three cat-
egories of ecosystems (freshwater, coastal, and marine) and
four types of extreme events (heatwaves, storms, floods, and
drought). We targeted these events because they are the most
commonly described extreme events in the rapidly expand-
ing climate attribution literature (Carbon Brief 2021); how-
ever, we were not exclusively interested in these event types.
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Figure 2. Studies included in the literature review covered a range of ecosystems
(a) and event types (b). Ecosystem type and event type are ordered by frequency
on the basis of the literature review and the number of studies for each type

are included in parentheses in the figure legend. Event types refer to the
proximate events (i.e., the specific physical conditions described as extreme

by authors of reviewed manuscripts). Proximate events were often caused

by or part of a distal event described by authors. For example, extreme wave
energy (proximate event) described in a study was due to a tropical cyclone
(distal event). A dynamic dashboard detailing additional characteristics of

the reviewed papers is available at https://public.tableau.com/app/profile/
margaret.mars.brisbin/viz/ExtremeEventsinEcologicalResearch/extreme_db.

Some papers described other types of extreme events (e.g.,
an extreme cold spell; Boucek and Rehage 2014). To inves-
tigate a broader range of the extreme event literature, we
included these papers, provided they met the other inclusion
criteria by including observations of ecological responses
to an extreme event occurring in an aquatic ecosystem. We
excluded papers if they did not include observations of an
extreme event but rather used extrapolation or modeling
to predict the effects of a hypothetical extreme event, were
review papers that discussed extreme events, were manipu-
lative experimental work, or were focused on terrestrial eco-
systems or paleoclimatology. We focused on observations of
extreme events to understand how ecologists research these
events and their ecological responses in situ and to explore
challenges with observational approaches, such as captur-
ing spatial and temporal variation. Although manipulative
studies provide an alternative and important avenue to test
and predict mechanisms of ecological response, these types
of studies present a different set of research challenges and
are beyond the scope of this review. Overall, the search
yielded 215 unique papers, 49 of which we included in the
review, after excluding papers that did not meet the criteria
described above.
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snapshot of aquatic research on extreme
events provides a solid foundation for
assessing approaches to extreme event
research.

In comparing events across papers,
we quickly encountered the challenge
of disentangling proximate and distal
extreme events. On the basis of descrip-
tions by the authors, we identified proxi-
mate events as the immediate source
of extreme conditions, such as a flood
causing high water levels. The flood may
have been caused by a storm or weather
system, which we identified as the distal
extreme event that created the conditions
for the proximate event, following the descriptions pro-
vided by the authors. This distinction was relevant because
the same type of event could be either distal or proximate
depending on the study; for example, Boersma and col-
leagues (2016) studied the response of invertebrate com-
munities to extreme drought in mountain lakes, whereas
Osterback and colleagues (2018) studied the response of
salmon and steelhead to lagoon closure, caused by a pro-
longed drought. In other papers, no distinct phenomenon
was identified as a distal event. For simplicity, we chose to
compare proximate event types, and across the 49 papers
included in the review, we identified 10 proximate event
types occurring in nine ecosystems (figure 2). Storms were
consistently described as distal events, causing other physi-
cal conditions such as floods or waves that were described as
the proximate extreme events.

Volcanic activity (1)
Dessication (1)

Defining extreme events in aquatic ecosystem
research ;

In our review, studies of extreme events in aquatic eco-
systems often lacked an explicit definition of extreme.
Approximately one-third of the 49 papers used a statistical
definition (e.g., a definition based on a return interval or a
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Figure 3. Use of definitions of extreme event in studies
included in the literature review. Studies included
freshwater, marine, and coastal ecosystems; event types
included floods, drought, heatwave (the three most studied
event types), and other (streamflow, waves, sea ice cover,
lagoon closure, erosion, volcanic activity, desiccation, and
multiple). A total of 49 studies, published from 1997 to
2018, were included in the review.

metric of variation from mean conditions); one-third used a
general, nonstatistical definition (e.g., an absolute increase
in temperature of 2-4 degrees Celsius described as atypical
or unusual); and one-third gave no definition (figure 3).
These results align with similar analyses in terrestrial eco-
systems and underscore a lack of consistency regarding what
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is considered an “extreme” event in ecology. For example, a
recent review that included 60 ecological studies of extreme
events found that roughly half explicitly defined an extreme
event, whereas the other half relied on implicit definitions
(McPhillips et al. 2018). Another synthesis of 564 drought-
related ecological studies found that only 32% provided any
concrete definition (Slette et al. 2019). Clear definitions of
what constitutes extreme are needed to improve our ability
to generalize from site-specific events, including comparing
findings through time and space.

More precise definitions of extreme events will improve
the application of ecological research by facilitating commu-
nication between disciplines and multidisciplinary research.
Extreme events are a research focus across disciplines
(Broska et al. 2020), but explicit definitions are lacking across
fields; a review covering the fields of climatology, earth sci-
ences, ecology, engineering, hydrology, and social sciences
showed that papers explicitly defined extreme events less
than half the time in all fields (McPhillips et al. 2018). At the
same time, there is greater recognition of the interconnect-
edness of socioecological systems and the interactions that
can amplify risk from extreme events (Raymond et al. 2020),
along with greater efforts to integrate ecological forecast-
ing into policymaking (Dietze et al. 2018). Therefore, clear
communication across fields is vital (Pennington et al. 2013,
McPhillips et al. 2018). A practical example is the develop-
ment of coral reef management plans that rely on specific
metrics of degree-heating weeks to delineate extreme ther-
mal stress and to identify appropriate management strategies
(Beeden et al. 2012, Darling et al. 2019). Adopting explicit
definitions of extreme events is a key step for ecologists to
improve their contributions to socioecological understand-
ing, adaptation, and resilience.

Adopting a universal definition of extreme is difficult
in an era of accelerating environmental change. Trends in
climate will influence the magnitude of extreme climatic
and weather events; for example, rising temperatures will
increase rainfall and runoff extremes (Yin et al. 2018).
Temporal records of disturbance events may therefore
exhibit nonstationarity (i.e., changes in mean or variance
over time; Betancourt 2012, Slater et al. 2021). However,
these trends highlight the importance of avoiding implicit
or intuitive definitions (Salt 1979). Rather than suggest a
standard definition of extreme across all aquatic ecosystems
and event types, we recommend that ecologists identify and
justify the definition of extreme applied in a given study.
Ecologists should also pay close attention to their defini-
tions of event types, including distinguishing proximate
and distal events and identifying compound events when
appropriate. By identifying specific physical observations,
such as temperature, precipitation, or wind, as the proximate
event, ecologists can more closely link observed ecological
responses to potential drivers within the context of a dis-
tal event, such as a storm. Compound extreme events that
include multiple physical drivers are of increasing concern
for socioecological systems (Zscheischler et al. 2018). By
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Table 1. Representative examples of complete definitions of extreme events in aquatic ecosystems, including a general
definition of the type of event, appropriate metrics to evaluate specific conditions of the event, and thresholds or other
measures of the extremity of the metrics.
Event type General definition Metrics of specific conditions  What is extreme?
Storm Weather events “associated with Precipitation, wind speed, or water A relative threshold for extreme
heavy precipitation, strong wind, flow, compared with relative or precipitation is exceeding the
and the passage of warmer or absolute thresholds. 95th percentile. An absolute
cooler air masses” (Stockwell threshold for extreme precipitation
et al. 2020) is 50.8 millimeters per day in the
United States and
100 millimeters per day in China
(Seneviratne et al. 2012)
90th percentile of maximum
hourly wind speed and 90th
percentile of maximum weekly
water flow have also been used
as extreme storm thresholds
(Paerl et al. 2019)
Drought “A period of abnormally dry Annual precipitation Annual precipitation below the
weather long enough to cause a Pal t ity In 10th percentile (Breshears et al.
serious hydrological imbalance” PaDg;er Drought Severtty Indesx, 2005)
(Fiekd atal. <07%) PDSI less than -3 (e.g., (Zhang
(Palmer 1965) et al. 2019)
Flood A “temporary covering of land by  Return time or return period Less than 1-in-100 year
water outside its normal confines” (interval of time between probability, indicating the
(Rojas et al. 2013) occurrences of a flood) discharge that has a probability of
being exceeded in a given year of
0.01 (Milly et al. 2002)
Heatwave “A discrete, prolonged, Temperature, compared with For marine heatwaves, a period of
anomalously warm water event in  relative or absolute thresholds at least 5 consecutive days when
a particular location” (Hobday water temperatures exceed the
etal. 2016) 90th percentile of local, longterm
climatology (Hobday et al. 2016).
Extreme heatwaves occur when
temperatures exceed the 90th
percentile threshold by more
than four times the difference
between mean and 90th percentile
temperatures. (Hobday et al. 2018).

specifying the metrics of interest in a study and identifying
the broader context, ecologists can improve comparisons
across event types and ecosystems.

We propose including three elements in any definition
of extreme events: a general definition of the type of event,
such as a flood, heatwave, or drought; appropriate metrics
used to evaluate the conditions of the event, such as tem-
perature during a heatwave; and an explanation of when the
selected metric signifies extreme conditions, such as exceed-
ing the 95th percentile. We give examples of this approach
in table 1. These examples are not comprehensive; hydro-
logical and climatic events are dynamic and complex, and
many metrics and indices are used in the scientific literature.
Instead, they demonstrate how the elements of a complete
definition reduce ambiguity. Comprehensive categorization
schemes help account for different spatiotemporal dimen-
sions of extreme events, such as the duration, intensity,
frequency, and magnitude, and can provide more detailed
information to support inferences (Hobday et al. 2018).
Furthermore, precise definitions of extreme events can dif-
ferentiate research questions that investigate the ecological
responses to a climate extreme as opposed to the climatic
conditions that produce an extreme ecological response.
As an example of these contrasting approaches, ecologists
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may study changes in primary productivity in response to
extreme drought or, alternatively, study extreme mortality
in response to temperatures that do not cross a statistical
threshold (van de Pol et al. 2017).

Spatiotemporal considerations for capturing aquatic
extreme events

Extreme events are often sporadic in time and variable across
space, which creates a challenge for researchers seeking not
only to demarcate the event itself but to measure the eco-
logical responses to such intense disturbances (Redmond
etal. 2019). With limited monitoring resources, trade-offs in
spatial and temporal resolution often lead to high temporal
frequency observations at low spatial resolution or high spa-
tial resolution monitoring at low temporal frequency (Krause
et al. 2015). Mismatches between the scale of the study and
of the event can be accentuated by difficulties associated with
sampling extreme events that occur across large geographies
(eg. drought, hurricanes, marine heatwaves) or in remote
areas without established sampling infrastructure. These
limitations can prevent capture of the ecological responses to
extreme events. Our literature analysis provided an opportu-
nity to evaluate these potential mismatches and to identify
strategies to improve spatiotemporal considerations.
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To compare the spatial range of an extreme event with
that of a study, we examined two metrics: the spatial scale
of the full study (i.e., the range encompassing all sampling
units) and, the spatial scale of individual sampling units.
Several papers used different spatial scales for multiple
response variables within the study, leading to 53 compari-
sons between extreme event scale and study spatial scale for
the 49 papers. For approximately half of these comparisons,
the spatial scale of the full study captured data at the same
spatial scale as the extreme event itself (55%; 29 of 53 spatial
comparisons; see supplemental figure S1). For example, two
studies at a large spatial scale (more than 1000 square meters
[m?]) used remotely sensed data to measure watershed-level
responses (more than 1000 square meters) to extreme floods
(Trigg et al. 2013, Chauhan et al. 2017).

Few studies (13%; 7 of 53 spatial comparisons) matched
the spatial scale of the sampling unit with the event itself;
instead, researchers generally sampled at smaller spatial
scales for large events, which likely corresponded to the
most relevant sampling scale for the response variable of
interest (supplemental figure S2). For example, a study
included in our review took soil samples from ninety (less
than 1 m?) sampling points along transects spread across
1000 m? of a creek watershed to measure faunal and nutri-
ent responses to extreme floods (Nielsen et al. 2012). In this
case, the scale of the study matched the scale of the event
while using a smaller scale sampling unit. Capturing the full
spatial scale of extreme events is challenging but critical to
understanding ecological responses.

To compare the temporal scale of an extreme event with
that of a study, we considered how long each event lasted
versus how long the investigators monitored the ecological
responses. We found that data are often collected at longer
time frames (e.g., years) relative to the event (e.g., months;
supplemental figures $3-S5). This pattern likely indicates the
important role of long-term research programs—for exam-
ple. the Long-Term Ecological Research (LTER) Network,
the National Ecological Observatory Network (NEON),
the National Estuarine Research Reserve (NERR)—in cap-
furing extreme events (Gaiser et al. 2020). However, these
long-term monitoring programs are often not designed to
capture extreme events; for example, weekly or monthly
sampling could miss short-term algal blooms, or concen-
trated summer sampling could miss rare spring heatwaves.
The utility of extreme event research can be enhanced by
employing targeted short-term studies and regional surveys
smplemented rapidly during developing extreme events
‘Sedmond et al. 2019). Another temporal challenge, espe-
&aly for opportunistic studies, is the lack of data measured
comsistently before, during, and after extreme events. In our
sewiew. 49% (26 of 53 temporal comparisons) of studies col-
Sected data at all three of these time points, which is ideal
Sr assessing the response to extreme events. However, 13%
7 9 53 temporal comparisons) of studies collected data only
Saring (4 temporal comparisons) or only after (3 temporal
Samparisons) an extreme event, limiting the ability to assess
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change in response to an event. The remaining studies (33
of 53) collected data at two time points (before and during,
during and after, before and after). Therefore, we recom-
mend collecting data from at least two time points to best
evaluate the effects of an extreme event.

Overall, the comparisons between spatial and temporal
scales of extreme events and ecological studies highlight
the challenges of capturing heterogeneous and unexpected
disturbance in dynamic aquatic environments. Moreover,
individual extreme events are difficult to predict, and trends
of increasing frequency and severity emphasize the need
for researcher preparedness (Jones et al. 2016). Spatial scale
is often inherent to addressing scientific questions and
developing methodologies; identifying appropriate sampling
plans and tools is a challenge for capturing spatial variation
in ecological responses, particularly in opportunistic stud-
ies of extreme events. Similarly, temporal scales are often
constrained by ongoing long-term monitoring programs,
short-term studies, or safety or logistic concerns during an
extreme event. To address these challenges, we recommend
developing contingency plans and protocols that can be exe-
cuted rapidly during developing extreme events (Redmond
et al. 2019). For example, to account for spatial heterogene-
ity, ecologists can pair remotely sensed technologies that
integrate across larger areas with targeted in situ sampling or
leverage distributed sampling efforts through collaboration.
Likewise, autonomous sampling devices, such as remotely
deployed cameras to monitor meso- and phytoplankton
communities (Angles et al. 2015, Grossmann et al. 2015),
can alleviate safety and logistic concerns associated with
sampling during extreme events. Although these approaches
have trade-offs (e.g., substantial upfront or installation costs,
periodic maintenance and retrieval of autonomous devices,
data sets that require cyberinfrastructure and expertise
to house and process the data), multidisciplinary teams,
distributed networks, and long-term monitoring can help
to develop and implement sampling protocols that better
capture extreme events and their responses across spatio-
temporal scales.

Transcending disciplinary boundaries

A holistic understanding of the effects of extreme events on
aquatic ecosystems requires that ecologists engage multiple
disciplines. Broadly, ecological research requires integrating
biological, chemical, and physical responses; this multidis-
ciplinary integration is even more important to understand
the ecosystem-wide responses to extreme events, but our
review suggests limited integration. Of the 49 studies we
examined, 88% measured a biological response variable,
whereas only 10% measured biological, physical, and chemi-
cal response variables concurrently (figure 4a). Of the stud-
ies that measured a biological response variable, 73% looked
at population-level responses (e.g., density, abundance),
45% looked at community-level responses (e.g., species
richness, food web structure), and 22% looked at ecosystem-
level responses (e.g., enhanced vegetation index, biomass;
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Figure 4. Venn diagrams of the number of studies measuring biological, physical,
and chemical response variables (a) and for the studies measuring biological
variables, the number of studies measuring different levels of ecological
organization (b). The numerals reflect the number of studies measuring each
variable type; the numerals in overlapping areas indicate studies measuring two
(or three) variable types. The Venn diagrams are scaled such that the size of each
circle corresponds to the total number of studies that included that variable and
the area of overlap reflects the number of studies including one or more variables.

figure 4b). Fifty percent of studies that measured a biological
response variable looked at two or more levels of biological
organization (i.e., population, community, ecosystem level),
but only 7% of the studies measured population, community,
and ecosystem-level biological responses (figure 4b). We
acknowledge that we focused our review on a small number
of studies and that ecologists may measure variables that
are not reported in the primary literature. Regardless, the
narrow focus of extreme event studies on specific types of
ecological responses presents an issue: Ecologists increas-
ingly prioritize integrating across biological scales, and
understanding how changes at one level of organization
(e.g., population size) may result in changes at higher levels
of organization (e.g., ecosystem metabolism; Heffernan et
al. 2014, Riiegg et al. 2021). Thoroughly understanding eco-
logical links to the physical and chemical environment and
relationships of responses across scales will require more
collaboration within and across disciplines.

Over 70% of the studies we reviewed explicitly framed
their research in terms of climate change or linked measured
responses to climate change. As such, we recommend collab-
oration between ecologists, hydrologists, and climatologists.
For example, the 2013 floods in Colorado, in the United
States (Larson et al. 2018, Poff et al. 2018) were an extreme
event probabilistically, representing a 1-in-50 year to 1-in-
500 year flood, depending on stream location (Gochis et al.
2015). However, the event did not have a climate change
signature, a claim based on downscaled climate simulations
that showed that the event was neither caused by greenhouse
gas forcing or sea surface temperature forcing (Herring et al.
2014). Therefore, although studies of the 2013 floods identi-
fied ecological responses to extreme events made more likely
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under climate change, they did not
explicitly measure the responses to
climate change. Therefore, underlying
drivers of climate change may have
been missed. Rather, ecologists should
work with climatologists to better pre-
dict future changes and identify which
extreme events will have increased or
decreased frequencies under current
and future climate change predictions.
If one impetus for studying extreme
events in ecology is to better predict
future changes, we also need to under-
stand which extreme events are more
or less likely under climate change,
to properly contextualize ecological
studies of extreme events. Attribution
science (causally linking extreme
events to climate change) has devel-
oped rapidly over the past decade
(Bellprat et al. 2019), but ecologists
may not always have direct evidence
that a specific extreme event is in fact
attributable to climate change. More
collaboration with climate scientists would help bridge this
gap. Climate science is already a multidisciplinary field;
additional collaboration between climate scientists, meteo-
rologists, hydrologists, and ecologists would integrate these
often disparate bodies of knowledge in aquatic ecosystems.
Taking collaboration a step further, more convergence
science—in the present article, used to describe problem-
driven science that transcends disciplines and existing
scientific boundaries—is needed to connect climate change
to extreme events and, subsequently, to changes in ecology
and effects on humans and infrastructure (Grimm et al.
2000, Alberti et al. 2020, Des Roches et al. 2021). This type
of science can involve scientists from many disciplines (e.g.,
ecologists, climatologists) coming together to tackle com-
plex problems. Many of the studies we reviewed focused
on floods or droughts, which are commonly observed
extreme events that have consequences for human infra-
structure (e.g., wastewater, Kohler et al. 2020; road and
bridges, Setunge et al. 2014; agricultural systems, Mcleman
and Smit 2006). Collaborations between natural and social
scientists and engineers, such as through the National
Socio-Environmental Synthesis Center, urban LTER sites
(Baltimore Ecosystem Study, Central Arizona-Phoenix,
Minneapolis-St. Paul), and long-term agricultural research
sites, can construct new paradigms for understanding dis-
turbance ecology in socioecological systems (Grimm et al.
2000, Wright Morton et al. 2015, Grimm et al. 2017, Gaiser
et al. 2020). An illustrative series of case studies is from the
Baltimore LTER site, where heavy rains and flooding from
hurricanes and cyclones cause millions of dollars in residen-
tial building damage (Li et al. 2020). Long-term data from
the LTER site supported an analysis of how urbanization
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influenced flooding following a record rainfall event (a
100-300-year return interval) caused by an extratropical
cyclone in 2004 (Ntelekos et al. 2008). Rainfall during this
storm was influenced by the friction effects of canopy cover,
changing wind speed and direction, which subsequently
altered storm movement in the Baltimore metropolitan area
(Ntelekos et al. 2008). Peak discharges in urban streams were
regulated by the stormwater management systems in place in
each catchment (Meierdiercks et al. 2010); Nearly a decade
later, in October 2012, the US Atlantic Coast was battered by
Superstorm Sandy. The long-term data available before and
after the event at the Baltimore LTER site revealed that eco-
system metabolism in these urban streams was resilient to
extreme flooding (Reisinger et al. 2017). This study suggests
an interaction among the built environment, synoptic-scale
systems, and ecological processes that mediates responses to
extreme events. These insights are an example of the emer-
gent feedback loops among ecological, socioecological, and
meteorological systems and underscore the need for work
that transcends traditional academic disciplines to fully
reveal the drivers of extreme events in aquatic ecosystems.

The need for multidisciplinary science to study extreme
events highlights the need for enhanced training for ecologi-
cal researchers. Research teams may include scientists across
the fields of climatology and meteorology, engineering, soci-
ology, city and regional planning, economics, and beyond.
Although ecology is inherently interdisciplinary (Reyers
etal. 2010, Weathers et al. 2016), training focused specifically
on conducting research in large, collaborative, and multi-
disciplinary teams will enable ecologists to work effectively
across disciplines, institutions, and ecosystem boundaries
(Cheruvelil et al. 2014, Cheruvelil and Soranno 2018, Farrell
et al. 2021). Following Cheruvelil and Soranno (2018), we
suggest that by expanding ecologists’ skill sets and collabora-
tions using the framework of team science, we can advance
the multidisciplinary research of extreme events.

Recommended approaches to enhance studies of
extreme events

As research on extreme events accelerates, we recommend
ecologists and their collaborators leverage these specific
tools and approaches to address research challenges: collect-
ing pre- and postevent data at specific monitoring sites, col-
lecting data that enables intersite and cross-site comparison,
adopting novel empirical and statistical approaches, and
increasing available funding sources for immediate study of
extreme events.

Collecting pre- and postevent data at specific monitoring sites. One
challenge of assessing ecosystem responses to extreme events
is sufficient data availability before, during, and after an
event to contextualize a response. Given adequate time prior
to the event (e.g., prior to a developing hurricane), sam-
pling can collect crucial data. This opportunistic approach
requires that resources (e.g., money and labor) are available
in a timely fashion. However, these resources are not always
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readily available. Furthermore, failing to collect enough
preevent data to capture inherent temporal variability in a
response variable can limit the ability to draw conclusions
about an event's impact. As such, long-term baseline data
of chemical, biological, and physical parameters in aquatic
ecosystems are inherently valuable but require dedicated
infrastructure and funding for data collection, storage, and
synthesis (Hampton et al. 2013, Lohner and Dixon 2013,
Huang et al. 2020).

In the United States, several organizations carry out long-
term ecological monitoring at distributed sites across tar-
geted biomes, including the LTER Network, NEON, NERR,
as well as Long-Term Research in Environmental Biology
sites, the US Geological Survey (USGS) hydrologic moni-
toring stations, and the US National Park Service, which
include sites or stations that are distributed throughout
the United States and its associated territories (Fancy et al.
2009). International programs, such as the International
LTER, the Global Lakes Ecological Observatory Network
(Klug et al. 2012), the French Critical Zone Observatory
(CZO) stations, and the Organization of Biological Field
Stations enable similar data collection approaches globally
(Tydecks et al. 2016). Together, these monitoring programs
capture spatiotemporal characteristics at specific sites dis-
tributed across targeted biomes, ecoregions, and critical
zones (e.g., Peters et al. 2014, Brantley et al. 2017, Gaiser
et al. 2020), and through site-specific and network-level
studies that facilitate collaboration and multidisciplinary
advancements (e.g., Haberl et al. 2006, Johnson et al. 2010).
Although the goals of each program may vary, the primary
objective across these organizations is to provide a unified
platform for understanding a diverse array of ecosystems
spanning multiple spatial and temporal scales and to create
legacies of well-designed and documented observations,
experiments, and data archives.

The sites in these networks have already enabled critical
study of site-specific responses to extreme events. When
long-term data are available, the response to an extreme
event can be evaluated rigorously at the site level. For
example, both the Florida Coastal Everglades and Virginia
Coastal Reserve US LTER sites have used their long-term
data to understand the effects of strong tropical storms on
coastal ecosystems (Gaiser et al. 2020), and US CZO sites
have used their baseline data to understand response of
stream water quality to wildfire (Brantley et al. 2017). In
another instance, researchers combined data from existing
long-term infrastructure and targeted data collected imme-
diately after Hurricane Harvey hit the coasts of Texas and
Louisiana (in the United States) in August 2017 to under-
stand coastal responses to the hurricane (Patrick et al. 2020).

Given that many extreme events are becoming more fre-
quent, we encourage such programs to evaluate how well their
monitoring programs might capture the ecological responses
of potential extreme events. For example, monitoring pro-
grams should assess whether sampling protocols sufficiently
target species resistance and resilience traits to provide or
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enhance a mechanistic and predictive understanding of likely
event responses (Leigh et al. 2015). Where existing experi-
mental designs might fail to replicate the extreme and variable
conditions of an event or fail to capture important thresh-
olds, programs might consider adapting their designs—for
example, by implementing a regression or gradient approach
(Cottingham et al. 2005, Kreyling et al. 2014).

Collecting data that allows intersite and cross-scale comparison. As
was noted above, several efforts exist to collect detailed
ecological data at target sites (e.g,, LTER, NEON, USGS).
In addition to addressing site-specific responses to extreme
events, a coordinated network or distribution of sites that
capture a diverse array of ecosystems can help facilitate com-
parison and synthesis by enabling both intersite and cross-
scale studies of how specific populations, communities, and
ecosystems are affected by extreme events. Standardized
long-term data provided by research and monitoring net-
works can also enable robust comparison and synthesis of
patterns and responses across scales (Heffernan et al. 2014).
For example, an existing network of in situ, automated sen-
sors in lakes and reservoirs in northeastern North America
allowed researchers to evaluate how watershed-lake charac-
teristics modulated abiotic and biotic responses to a single
tropical cyclone (Klug et al. 2012). Such coordinated efforts
may enable regional, continental, and even global studies
(Peters et al. 2014, Brantley et al. 2017) that transcend tra-
ditional site-level understanding of the effects of extreme
events on various ecosystems. Insight gleaned from these
intersite and cross-scale comparisons better enable us to pre-
dict ecological responses to extreme drivers of change and
more effectively manage these ecosystems. These approaches
could be augmented by the use and development of central-
ized data repositories, such as the LTER's Environmental
Data Initiative (https://environmentaldatainitiative.org/edi),
DataONE (www.dataone.org), and the CZO hub at CUAHSI
(https://criticalzone.org/learn-more.html).

Adopting of novel empirical and statistical approaches. The adop-
tion of novel empirical tools can enhance the ability of moni-
toring programs and long-term research studies to capture
the effects of extreme events. For example, remotely sensed
data, including unmanned arial vehicle, LIDAR (for light
detection and ranging), and satellite imagery, have proven
useful in documenting both aquatic and marine responses
to extreme events (Wang et al. 2010). Remote sensing has
detected changes in river geomorphology after an extreme
flood (Tamminga et al. 2015), shifts in coral reef structure
after an El Nifio event (Ben-Romdhane et al. 2018), and
changes in coastal wetland vegetation structure in response
to major floods (Tahsin et al. 2018). Similarly, automated
sensors capture data when researchers cannot measure safely
or logistically in person, such as river floods (Burns et al.
2019) or tsunamis (Blain et al. 2004). High-frequency sensor
technology has identified the role of sporadic storm pulses
in disproportionately driving nutrient and carbon exports in
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rivers, which are challenging to capture using conventional
grab-sampling approaches (Hartmann et al. 2014, Burns et
al. 2019, Godsey et al. 2019). As another example, the use of
open-access, low-cost sensors, particularly when paired with
active community engagement (citizen science; Mao et al.
2019, Njue et al. 2019), has been instrumental in expanding
watershed monitoring programs (e.g., Ensign et al. 2019) and
filling data gaps when scientists themselves cannot visit a site
postevent (Tauro et al. 2018, Guswa et al. 2020). In addition,
the adoption of novel molecular biomonitoring approaches
(e.g., environmental DNA; Thomsen and Willerslev 2015)
and high-throughput in situ imaging (e.g., camera traps;
for a review, see Farley et al. 2018) have more accurately
recorded population and community shifts in response to
major disturbance. These approaches have been successfully
applied to collect data and assess the responses to extreme
events across freshwater (e.g., Curtis et al. 2020, Méchler et
al. 2021) and marine (Anglés et al. 2015, Grossmann et al.
2015, Ares et al. 2020, DiBattista et al. 2020) species that
are challenging to identify or collect using conventional
species-capture approaches. The empirical tools listed above,
particularly when used in combination with conventional
sampling approaches, can provide robust biological, chemi-
cal, and physical data to maximize the power and timeliness
of ecosystem studies.

Furthermore, networked long-term records generate
large, heterogeneous data sets (big data) that require novel
applications of modern statistical approaches (e.g., Greig-
Smith and Cragg 1964, Hampton et al. 2013, Durden et
al. 2017, LaDeau et al. 2017). Although the appropriate-
ness of any given statistical approach will vary on the
basis of the scientific question at hand, recent advances
in machine learning tools have enhanced our ability to
understand responses to and predictions of extreme events
(Rammer and Seidl 2019). For example, the application
of automated neural networks and clustering analysis
have facilitated the event-scale classification of riverine
biogeochemical responses to extreme river flood events
(e.g., Hamshaw et al. 2018, Javed et al. 2021), and bio-
geochemical responses to compound events in the ocean
(Gruber et al. 2021). Other studies have focused on the
utility of machine learning algorithms to improve capac-
ity for forecasting future extreme events. For example,
studies have applied random forests or regression trees
to forecast hypoxia or high-temperature events in lakes
(Politikos et al. 2021, Woolway et al. 2021b), used neutral
networks to predict responses of estuaries and intertidal
zones to changing sea level (e.g., Guillou and Chapalain
2021), and leveraged self-organizing maps to predict fish
kills (Chen et al. 2020). Although our list of statistical
tools is not exhaustive, we contend that the adoption of
modern statistical approaches, especially those that can
leverage heterogeneous data streams and multiple sources
of uncertainty (Dietze 2017), will advance understanding
of how aquatic and marine ecosystems, communities, and
populations respond to extreme events.
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Increasing available funding sources for immediate study of extreme
events, Responsive funding sources will be key to supporting
the research needed to capture major disturbance events and
their cascading ecological responses in freshwater, coastal,
and marine ecosystems. Established long-term monitoring
infrastructure, such as the networks mentioned above (e.g.,
LTER, NEON, USGS), will be critical to provide consistent
and multidisciplinary data records to compare baseline
conditions with extreme events. These networks are often
place bound, with relatively immobile resources. LTER
and NEON sites, for example, have long-term monitoring
efforts in specific locations within a larger region or biome.
However, some extreme events will occur in locations with-
out an existing monitoring site, necessitating opportunistic
sampling in addition to long-term monitoring. Such prompt
implementation of strategic sampling will likely require
nonconventional and adaptable approaches to funding and
resource allocation. For example, in addition to NEON's
core and gradient (previously referred to as relocatable) sites,
researchers can request mobile, highly configurable sensor
arrays, known as mobile deployment platforms, designed for
rapid deployment to capture ecological events.

Some funding sources do exist to support respon-
sive research. In the United States, the National Science
Foundation (NSF)'s Rapid Response Research (RAPID)
program uses a combination of shorter proposal length and
a more expedient review process to disperse funds with
urgency. Although funding sources such as the NSF-RAPID
program facilitate quicker responses to major natural and
anthropogenic events, they have several notable disadvan-
tages: The duration of the grant is short, often less than
1 year, which does not allow the assessment of longer-term
responses without additional funding; collaborations already
need to be in place to apply for and take advantage of this
funding source, potentially limiting the ability of multidis-
ciplinary teams to mobilize in response to an event; and
the process and procedure for proposal review and award
can be lengthy (more than 6 months), despite immediate
need for funds. Given these limitations, we urge funding
agencies to design programs and resources capable of stra-
tegically supporting flexible and immediate data collection.
Under climate change, extreme events will occur outside the
bounds of previous experience and scientific infrastructure,
including resource availability and collaboration. As such,
funding sources and researchers will need to adapt to these
new conditions and move beyond traditional approaches.

Conclusions

Our review of the ecological literature on extreme events
in aquatic ecosystems highlights specific ways to improve
research approaches. First, we urge ecologists to better char-
acterize and define the event they are studying. Clear identi-
fication of the metrics used to classify events and definitions
of what constitutes extreme will improve our ability to gen-
eralize across events and ecosystems. Second, we encourage
ecologists to develop sampling protocols that capture data
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at sufficient temporal and spatial resolution to contextualize
events and their ecological responses in light of natural spa-
tial and temporal variability. We further encourage collabo-
ration across disciplines, leveraging intersite and long-term
networks, and adoption of novel empirical and statistical
tools to improve extreme event research. Finally, we call on
funding agencies to balance support for long-term moni-
toring programs with improved funding and resources to
support strategic, flexible, and rapid data collection. As the
world experiences extreme events with increasing frequency
and intensity, we hope this review and resulting recommen-
dations will help the scientific community to develop a more
comprehensive understanding of extreme events in aquatic
ecosystems.

Supplemental material
Supplemental data are available at BIOSCI online.

Acknowledgments

We initiated this collaborative study at the Eco-DAS XIII
symposium, and we thank and acknowledge Paul Kemp for
his leadership, other Eco-DAS participants for their engage-
ment and feedback, and the Association for the Sciences of
Limnology and Oceanography for financial support for Eco-
DAS. We also thank three anonymous reviewers for con-
structive feedback. Funding for EcoDAS XIII was provided
by the NSF Biological Oceanography Program (grants no.
OCE-1356192 and no. OCE-1925796) and the Association
for the Sciences of Limnology and Oceanography. LRA was
supported by NSF grant no. OCE-1829921. MMB was sup-
ported by a Japan Society for the Promotion of Science DCI1
graduate student fellowship and by the Okinawa Institute of
Science and Technology Graduate University. AGH was sup-
ported by NSF grant no. DEB-1753639. DWK was supported
by NSF under VT EPSCoR grant no. OIA-1556770. BJS was
supported by NSF grant no. EAR-1659909. AJS was sup-
ported by NSF grant no. DBI-1906381. RSS was supported
by a NatureNet Science fellowship through the Nature
Conservancy and the University of Virginia.

References cited

Abrahams C, et al. 2013. The Impact of Extreme Events on Freshwater
Ecosystems. British Ecological Society.

Alberti M, et al. 2020. The complexity of urban eco-evolutionary dynamics.
BioScience 70: 772-793.

Anglés S, Jordi A, Campbell L. 2015. Responses of the coastal phytoplank-
ton community to tropical cyclones revealed by high-frequency imag-
ing flow cytometry. Limnology and Oceanography 60: 1562-1576.

Aoki LR, Brisbin MM, Hounshell AG, Kincaid DW, Larson E, Sansom BJ,
Shogren AJ, Smith RS, Sullivan-Stack J. 2022. Review of Ecological
Research Approaches for the Study of Extreme Events in Aquatic
Ecosystems, ver. 1. Environmental Data Initiative. https://doi.
org/10.6073/pasta/6cd8d60e00b384d718715¢9882da74ae.

Ares A, Brisbin MM, Sato KN, Martin JP, linuma Y, Mitarai S. 2020.
Extreme storms cause rapid but short-lived shifts in nearshore subtropi-
cal bacterial communities. Environmental Microbiology 22: 4571-4588.

Beeden R, Maynard JA, Marshall PA, Heron SE, Willis BL. 2012. A frame-
work for responding to coral disease outbreaks that facilitates adaptive
management. Environmental Management 49: 1-13.

June 2022/ Vol. 72 No. 6 « BioScience 517



