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ABSTRACT. Research programs that co-locate environmental sensors with
“biology” can enable the linking of environmental data with changes in biological or
ecological processes. The coastal and marine Long Term Ecological Research (LTER)
programs use this strategy, measuring parameters such as air and sea temperature,
wave and storm energy, and seawater chemistry along with biological responses to
them. This investment in technology has proven to be valuable and a major scientific
asset for understanding how climate change, and environmental change in general,
might alter marine populations and communities. Such a strategy can also aid
in studies of global change biology of critical species, helping to place laboratory
experiments and predictions of response in a broader environmental context. This
coupling of long-term physical and biological observations has already detected
fingerprints of change in sites such as the Palmer LTER situated on the western
Antarctic Peninsula. In addition, new autonomous pH sensors recently deployed at
two marine LTERs—Santa Barbara Coastal and Moorea Coral Reef—are generating
long-term data sets that highlight the responses of their marine communities to
rapidly changing ocean conditions.

INTRODUCTION
Forecasting the consequences of climate change is a central research
priority for the scientific community
(e.g., Sutherland et al., 2006; Walther,
2010; Dawson et al., 2011; Buckley and
Kingsolver, 2012; Ibáñez et al., 2013).
In marine ecosystems, investigators
have explored issues specific to coral
reef decline (Hoegh-Guldberg et al.,
2007; Frieler et al., 2013), the combined
impacts of ocean acidification and ocean
warming on marine organisms (Boyd,
2011; Harvey et al., 2013), and projected
consequences to fisheries (Cheung et al.,
2009, 2012). At the same time, policymakers have focused on the impacts of
climate change on marine resources that
are important to economies (e.g., IPCC,
2007b; Kelly et al., 2011; Rau et al., 2012;
Melillo et al., 2013). At the heart of all
these efforts is the need to understand
the adaptive capacity and vulnerability
of organisms in the face of rapid environmental change (Williams et al., 2008;
Dawson et al., 2011).
Given this critical scientific and

policy effort, knowledge of the physical
environment is central to studying the
forces that will change the distribution of
marine organisms, challenge their physiological tolerances, and alter species
interactions, ultimately reshaping marine
ecosystems. With this in mind, we
highlight some long-term physical and
biological data sets that have been collected at US coastal marine Long Term
Ecological Research (LTER) sites that are
now, and will be in the future, essential
tools for beginning to understand the
consequences of environmental change
in the context of global change biology.

MEASURING
ENVIRONMENTAL
CHANGE
With long-term monitoring as a key
component of their mission, the LTER
sites are uniquely poised to capture
environmental changes on time scales of
years to decades that are relevant to ecosystem-level observations. Here, we highlight examples from the coastal marine
LTER sites that frame the argument that

documenting and understanding the
nature of changes in the physical environment, in addition to monitoring biological and ecological attributes, is critical to
our ability to predict responses of species
and ecosystems to global change. Below,
we focus on three key environmental
parameters that are now being measured
at several LTER sites and are likely to be
drivers of ecological changes in these
ecosystems in the near future: (1) air
and sea temperature, (2) wave and storm
energy, and (3) seawater chemistry.

Air and Sea Temperature
Temperature is well known to affect
organisms and populations in a climate
change context (Parmesan, 2006), with
range shifts tending to be dominant
responses of populations to temperature
change. For marine ecosystems, using
long-term data sets to link physiological and organismal responses to temperature is especially important as most
ectothermic marine species are already
operating at or near their thermal limits
(Sunday et al., 2012). One example of
foundational temperature data is from
the Palmer (PAL) LTER site on the
western Antarctic Peninsula (WAP). Air
temperatures over Antarctica (Chapman
and Walsh, 2007) and seawater temperatures in the Southern Ocean have
warmed (Gille, 2002). This region of
the Southern Ocean has one of the fastest warming rates on Earth, with a 3°C
increase in annual mean air temperature
and a 6°C rise in mean winter temperature over the last six decades (Vaughan
et al., 2003). This rapid increase in temperature is linked to a decline in sea ice
extent. Recorded since 1990, PAL LTER
data have captured a dramatic decline in
sea ice in the WAP region (Stammerjohn
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et al., 2008), with associated consequences for WAP marine ecosystems
(Steinberg et al., 2012; see also further
discussion in Ducklow et al., 2013,
in this issue).

Wave and Storm Energy
Most climate change models show
that the future will be characterized
by increases in the frequency and possibly the severity of many forms of
large abiotic disturbances across the
globe (Easterling et al., 2000; Meehl
et al., 2000; Hemer et al., 2013). Over
the last 60 years in the eastern Pacific,
the frequency of large waves driven by
winter storms has increased (Graham
and Diaz, 2001; Bromirski et al., 2003;

Ruggiero et al., 2010). This increase in
physical disturbance could have detrimental effects on coastal ecosystems
dominated by the giant kelp Macrocystis
pyrifera, a foundational species that
provides habitat and energy to fuel a
highly complex and productive food web
(Dayton, 1985; Graham, 2004; Reed and
Brzezinski, 2009). Large waves associated with winter storms often tear out
giant kelp (Figure 1), reducing their
abundance and likely changing the
structure of the associated kelp forest
food web as well as light, hydrodynamics, and the three-dimensional structure
of the habitat (Graham et al., 2007).
Periodic disturbances are a natural component of almost every ecosystem, and

Figure 1. Piles of giant kelp line the sandy beaches of Southern California following a large wave event.
Photo credit: Shane Anderson
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many ecological models predict that the
mortalities caused by occasional disturbances can be vital for maintaining
biological diversity as well as renewing
essential nutrients. For example, elevated
resources resulting from the loss of giant
kelp have been shown to enhance the
diversity and production of understory
algae (Reed and Foster, 1984; Arkema
et al., 2009; Miller et al., 2011). However,
models also predict a decrease in species
diversity when the frequency or severity of disturbances becomes too great
(Connell, 1978).
Long-term research at the Santa
Barbara Coastal (SBC) LTER site has
demonstrated the overwhelming importance of wave disturbance as a dominant
structuring force in kelp forest ecosystems (Cavanaugh et al., 2011; Reed et al.,
2011). SBC LTER researchers examined
the relative importance of nutrient availability (bottom-up), grazing pressure
(top-down), and storm waves (disturbance) in controlling the abundance
and productivity of giant kelp offshore
central and southern California. Central
California kelp forests exist in a region of
high wave exposure and high nutrients,
but low urchin grazer abundance, relative to southern California forests. While
both bottom-up and top-down theories
predict that central California kelp biomass and production should be greater
than that of southern California due to
increased productivity and reduced grazing pressure, SBC LTER scientists predict
that the intense wave disturbances on
the central coast could overwhelm the
bottom-up and top-down forces (Reed
et al., 2011). Indeed, SBC LTER researchers found that biomass and production
of giant kelp were generally lower in central California (Figure 2).
In addition to the direct effects of
wave disturbance on kelp biomass and
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Driven by increasing atmospheric CO2
levels, ocean acidification has emerged
as the most recent threat to healthy
ocean ecosystems (Hoegh-Guldberg
et al., 2007; Fabry et al., 2008; Doney
et al., 2009). A few long-term data sets
on carbonate chemistry have captured
surface ocean acidification. Three
low-latitude, open-ocean pH monitoring programs—Hawaii Ocean Timeseries (http://hahana.soest.hawaii.edu/
hot), Bermuda-Atlantic Time-series
Study (http://bats.bios.edu), and the
European Station for Time Series in
the Ocean, Canary Islands (http://estoc.
plocan.eu)—have measured an average
decline of 0.002 pH units per year (Bates,
2007; Dore et al., 2009; González-Dávila

et al., 2010). Additionally, time-series
data describing shifts in carbonate chemistry in coastal regions have appeared
in the last five years (Wootton et al.,
2008; Provoost et al., 2010; Waldbusser
et al., 2011; Wootton and Pfister, 2012).
These data sets, along with projections
of future acidification (Caldeira and
Wickett, 2003; IPCC, 2007a), sparked a
global research effort to understand the
biological implications of future ocean
conditions. Over the past decade, laboratory acidification experiments have
highlighted largely negative and complex
species-specific effects in response to
reduced pH/elevated pCO2 (Fabry et al.,
2008; Doney et al., 2009; Kroeker et al.,
2010, 2013; Harvey et al., 2013). Despite
this growing knowledge base, the lack
of information on environmentally
relevant pH conditions for these study
species clouds the predictive interpretation of laboratory-based biological
experimental results.

Proportion of Canopy Removed

considered in long-term projections of
how future increases in storm intensity
will alter the structure of the shoreline
ecosystem (Fenster and Hayden, 2007).
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productivity, SBC LTER researchers have
also shown that the effects of wave disturbance on giant kelp cascade through
the kelp forest food web. Results of
experimental kelp removals and model
simulations suggest a sequence of change
in food web structure following multiple
consecutive years of large storms (Byrnes
et al., 2011). A single storm hitting a
relatively undisturbed kelp forest appears
to increase complexity, while concentrating most species at the resource and
primary consumer trophic levels. Higher
trophic levels do not disappear after initial kelp loss, but rather diversity within
these higher trophic levels declines. As
storms continue year after year, food
webs begin to collapse, and the richness
of species, whether grouped by trophic
level or functional attributes, declines.
Thus, an increase in the frequency of
large storms (as widely predicted by
climate change models) is likely to lead
not only to decreases in giant kelp primary productivity, but also to decreases
in the diversity and complexity of kelp
forest food webs.
The idea that changing climate conditions may lead to larger, more frequent, and intense storms has received
increasing support in recent years in
the wake of several large hurricanes
and “superstorms” in the United States
(e.g., Katrina and Sandy). Storm intensity continues to be measured at the
Virginia Coast Reserve (VCR) LTER,
contributing to a time series starting
in the 1880s. These data reveal a pattern of increasing storm intensity over
the last century in this barrier island
region of the US East Coast (Figure 3).
Researchers at VCR LTER have also
shown that infrequent but extreme
events such as major storms have a significant effect on the state of the dynamic
barrier island coastline and should be
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Figure 2. Wave disturbance in Southern California affects the abundance of giant kelp. Despite lower sea
urchin densities (a) and higher nitrate loads (b) in Central (black) vs. Southern California (gray), kelp forest density (c) and net primary productivity (d) are limited by wave disturbance. Figure reproduced with
permission from the Santa Barbara Coastal LTER
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Although the long-term data sets
of open-ocean carbonate chemistry
have been essential to our understanding of global changes in oceanic pH,
these data do not directly inform ocean
acidification processes in coastal or
nearshore marine ecosystems, habitats
that provide many services to humans
(Ruckelshaus et al., 2013) and are
the locations of most of the world’s
fisheries. Additionally, projections of
future ocean pH conditions from the
Intergovernmental Panel on Climate
Change and others are based on global
emission scenarios and large-scale ocean
processes that lack resolution necessary to predict changes on regional and
local scales (see Wootton and Pfister,
2012). Long-term data sets of carbonate
chemistry parameters in shallow, coastal
ecosystems are essential for predicting
biological responses to ocean acidification. Ultimately, the biological impacts
of ocean acidification in nearshore benthic marine communities will depend
on (1) the degree of acclimatization/

adaptation to local pH regimes and
(2) the rate and magnitude of pH
changes in these regions in the future.
New LTER Technology: SeaFET,
An Autonomous pH Sensor
New autonomous pH sensors called
SeaFETs (Martz et al., 2010) are currently measuring ocean conditions at two
LTER sites—SBC and Moorea Coral Reef
(MCR). Data from these instruments
are not only providing environmentally relevant information on local pH
conditions, but also advancing the way
we think about pH variability. SeaFET
deployments in nearshore regions around
the globe have revealed remarkable differences in pH variability across ecosystems (Hofmann et al., 2011; Frieder
and Levin, 2012; Price et al., 2012; recent
work of Francis Chan, Oregon State
University, and colleagues), dispelling the
notion of ocean acidification as a homogenous, global environmental stressor.
The LTER SeaFET deployments highlight
the importance of quantifying pH both
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Figure 3. Storm intensity offshore of the Virginia
coast. (a) The beaches and dunes on the barrier
islands along the Virginia coast (foreground)
protect the marshes, bays, and mainland coastline (background) from intense wave activity.
(b) The increased frequency of storms in this
region since the record started in the 1880s has
altered the shape of this coastline. Photo courtesy
of John Porter, Virginia Coast Reserve LTER. Figure
adapted from Hayden and Hayden (2003)

spatially and temporally as a holistic
approach to ocean acidification research
emphasizing the need to co-locate pH
sensors with biological experiments and
ecological monitoring sites (Price et al.,
2012; Hofmann et al., 2013).
Specifically, LTER SeaFET deployments have revealed striking differences in the patterns of variability in pH
dynamics across a variety of spatial scales
(Figure 4). The SBC LTER is located
in the Santa Barbara Channel region
of Southern California. Here, complex
bathymetry and oceanographic processes
as well as a coastline perforated with
kelp forests contribute to large temporal and spatial fluctuations in pH in the
nearshore environment. For example,
over two months, pH at a mainland
site fluctuated between 7.603 and 8.232
(mean pH: 7.934), while pH at Anacapa
Island ranged from 7.847 to 8.075 (mean
pH: 7.953). Although separated by only
54 km, these sites share similar species
compositions and mean pH values, yet
they differ dramatically in the temporal
pattern of pH variability. Within the
MCR LTER, located in the center of the
tropical Pacific Ocean, spatial patterns
of pH variability are maintained across
relatively small spatial scales (~ 1 km).
Here, the range of variability in pH differs between an exposed fore reef site and
a fringing reef site 1 km shoreward across
a lagoon (Figure 4). During the threeweek deployment, pH at the fore reef and
fringing reef ranged from 8.062–8.116
(mean pH: 8.088) and 8.042–8.226
(mean pH: 8.130), respectively. These
data provide a glimpse of the variability
in environmental conditions across a
range of temporal and spatial scales that
organisms are currently experiencing,
and they provide an important context
for interpreting the responses of organisms to experimental ocean acidification

LONG-TERM STUDIE S AND
GLOBAL CHANGE BIOLOGY
The importance of LTER-based longterm data sets is amplified when placed
in the context of global change biology,

an integrative field that focuses on predicting the response of species and biological communities to human-induced
changes such as climate change, eutrophication, or ocean acidification. Some
of the first synthetic reports noted species range shifts as fingerprints of climate
change (Parmesan and Yohe, 2003; Root
et al., 2003; Parmesan, 2006). Recently,
researchers have called for moving
“beyond prediction” to concrete action
in management and conservation efforts
(e.g., Williams et al., 2008; Dawson
et al., 2011; Pettorelli, 2012; Ibáñez et al.,
2013). As these discussions advance, it is
clear that species’ sensitivities to abiotic

support a range of activities in experimental biology and ecology that focus on
addressing the responses of species, populations, and ecosystems. Ecologically
relevant data help parameterize laboratory and mesocosm experiments. Here,
there has been a growing appreciation
that knowing a species’ physiological
plasticity of important traits is a central
element in determining adaptive capacity
in the face of abiotic change such as temperature, physical disturbance, and pH
(Visser, 2008; Helmuth, 2009; Dawson
et al., 2011; Buckley and Kingsolver,
2012; Chown, 2012; Ibáñez et al., 2013).
In addition to physiological plasticity,

conditions and their adaptive capacities
are ideally framed with knowledge of
the physical environment and the degree
of natural variability that has acted as a
selective force in the past.
In this light, LTER data sets will

rapid evolution and adaptation is another
type of response to climate change and
may also play an important role in species’ future tolerances (e.g., Bradshaw and
Holzapfel, 2006). LTER data sets will certainly play a role in studies of this nature
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Figure 4. Dynamics of pH at 5–15 m water depth in three different ocean regions. Data panels
from different ecosystems are plotted on the same vertical range of pH (total hydrogen ion scale).
Map insets show sites and relative distance for Long Term Ecological Research (LTER) data series
that highlight differences in pH dynamics on regional and local scales. SeaFET pH time series used
with permission from the Moorea Coral Reef and Santa Barbara Coastal LTERs. pH time series from
Antarctica provided by Gretchen Hofmann
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both in terms of describing the rate of
change of environmental conditions and
in supporting hypotheses-based testing
of how genetic responses might contribute to species’ responses to abiotic change
in marine ecosystems (see Gienapp
et al., 2008; Kelly and Hofmann, 2012;
O’Connor et al., 2012; Kelly et al., 2013).
Finally, LTER data sets support the
study of how environmental change
will alter ecosystem structure and function via impacts on species interactions.
Studies of this essential research area are
lagging as compared to studies of species range shifts (e.g., Harley et al., 2006;
Walther, 2010). Changes in present-day
interactions will have far-reaching consequences for community composition
and function (Lurgi et al., 2012). Key
predator-prey interactions can be sensitive to temperature (Sanford, 1999),
and relatively small changes in seawater
pH can alter competitive interactions
(Kroeker et al., 2013) as well as larval
settlement behavior (Doropoulos et al.,
2012). Understanding how climate
change will affect not only individual
species but also interactions among species will be critical to forecasting the
community and ecosystem-level impacts
of changing climate conditions.

CONCLUSION
The network of coastal LTER sites is
positioned to meet one of the grand
challenges in the Anthropocene: documenting and forecasting the impact of
global change on marine ecosystems.
Collectively, the LTERs highlighted
here are gathering data sets for coastal
and pelagic ecosystems that host high
biodiversity and support critical ecosystem services. The future of these LTER
efforts will continue to frame questions
central to global change biology and support ecological and organismal studies
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in these key ecosystems, as evidenced
by the emerging data sets on carbonate chemistry that will support research
in ocean acidification (Edmunds et al.,
2013, in this issue). One of the inherent
complexities in predicting the outcome
of environmental change-related impacts
is the difficulty of layering projected
changes on existing natural environmental variability. This research area will
continue to be active within the LTER
community, where LTER-based longterm ecological studies are critical for
providing key insights in ecology and
environmental change, and will continue
to be a valuable source of information to
inform future research.

ACKNOWLEDGMENTS
The authors wish to thank the LTER
investigators who graciously shared
their data with us. We also thank
Molly Thomson of Ocean O’Graphics
UC Santa Barbara for figure preparation. During the writing of this manuscript, the authors were supported by
US National Science Foundation grants
NSF OCE-1040960 to G.E.H. and C.A.B.
(with Ocean Margins Ecosystem Group
for Acidification Studies, OMEGAS), a
consortium of scientists from different
institutions along the US West Coast (see
http://omegas.science.oregonstate.edu),
IOS-1021536 to G.E.H., ANT-0944210 to
G.E.H., and, also to G.E.H., funds from
the University of California in support of
a multicampus research program, Ocean
Acidification: A Training and Research
Consortium (http://oceanacidification.
msi.ucsb.edu). E.B.R. was supported
by UC Santa Barbara and L.K. by an
NSF Graduate Research Fellowship.
SBC LTER island pH data collection
was funded by the National Park Service
George Melendez Wright Climate
Change Fellowship to L.K.

REFERENCE S

Arkema, K.K., D.C. Reed, and S.C. Schroeter. 2009.
Direct and indirect effects of giant kelp determine benthic community structure and dynamics. Ecology 90:3,126–3,137, http://dx.doi.org/
10.1890/08-1213.1.
Bates, N.R. 2007. Interannual variability of the
oceanic CO2 sink in the subtropical gyre of the
North Atlantic Ocean over the last 2 decades.
Journal of Geophysical Research 112, C09013,
http://dx.doi.org/10.1029/2006JC003759.
Boyd, P.W. 2011. Beyond ocean acidification.
Nature Geoscience 4:273–274, http://dx.doi.org/
10.1038/ngeo1150.
Bradshaw, W.E., and C.M. Holzapfel. 2006.
Evolutionary response to rapid climate change.
Science 312:1,477–1,478, http://dx.doi.org/
10.1126/science.1127000.
Bromirski, P.D., R.E. Flick, and D.R. Cayan.
2003. Storminess variability along the
California coast: 1858–2000. Journal of
Climate 16:982–993, http://dx.doi.org/10.1175/
1520-0442(2003)016<0982:SVATCC>2.0.CO;2.
Buckley, L.B., and J.G. Kingsolver. 2012. Functional
and phylogenetic approaches to forecasting species’ responses to climate change.
Annual Review of Ecology, Evolution, and
Systematics 43:205–226, http://dx.doi.org/
10.1146/annurev-ecolsys-110411-160516.
Byrnes, J.E., D.C. Reed, B.J. Cardinale,
K.C. Cavanaugh, S.J. Holbrook, and
R.J. Schmitt. 2011. Climate-driven increases in
storm frequency simplify kelp forest food webs.
Global Change Biology 17:2,513–2,524, http://
dx.doi.org/10.1111/j.1365-2486.2011.02409.x.
Caldeira, K., and M.E. Wickett. 2003.
Anthropogenic carbon and ocean pH.
Nature 425:365–365, http://dx.doi.org/
10.1038/425365a.
Cavanaugh, K.C., D.A. Siegel, D.C. Reed, and
P.E. Dennison. 2011. Environmental controls
of giant-kelp biomass in the Santa Barbara
Channel, California. Marine Ecology Progress
Series 429:1–17, http://dx.doi.org/10.3354/
meps09141.
Chapman, W.L., and J.E. Walsh. 2007. A synthesis of Antarctic temperatures. Journal of
Climate 20:4,096–4,117, http://dx.doi.org/
10.1175/JCLI4236.1.
Cheung, W.W.L., V.W.Y. Lam, J.L. Sarmiento,
K. Kearney, R. Watson, and D. Pauly. 2009.
Projecting global marine biodiversity impacts
under climate change scenarios. Fish and
Fisheries 10:235–251, http://dx.doi.org/
10.1111/j.1467-2979.2008.00315.x.
Cheung, W.W.L., J.L. Sarmiento, J. Dunne,
T.L. Frölicher, V.W.Y. Lam, M.L. Deng
Palomares, R. Watson, and D. Pauly. 2012.
Shrinking of fishes exacerbates impacts of
global ocean changes on marine ecosystems.
Nature Climate Change 3:254–258, http://
dx.doi.org/10.1038/nclimate1691.
Chown, S.L. 2012. Trait-based approaches to
conservation physiology: Forecasting environmental change risks from the bottom
up. Philosophical Transactions of the Royal
Society B 367:1,615–1,627, http://dx.doi.org/
10.1098/rstb.2011.0422.

Connell, J.H. 1978. Diversity in tropical rain forests
and coral reefs. Science 199:1,302–1,310, http://
dx.doi.org/10.1126/science.199.4335.1302.
Dawson, T.P., S.T. Jackson, J.I. House, I.C. Prentice,
and G.M. Mace. 2011. Beyond predictions:
Biodiversity conservation in a changing climate.
Science 332:53–58, http://dx.doi.org/10.1126/
science.1200303.
Dayton, P.K. 1985. Ecology of kelp communities. Annual Review of Ecology and
Systematics 16:215–245, http://dx.doi.org/
10.1146/annurev.es.16.110185.001243.
Doney, S.C., V.J. Fabry, R.A. Feely, and
J.A. Kleypas. 2009. Ocean acidification: The
other CO2 problem. Annual Review of Marine
Science 1:169–192, http://dx.doi.org/10.1146/
annurev.marine.010908.163834.
Dore, J.E., R. Lukas, D.W. Sadler, M.J. Church, and
D.M. Karl. 2009. Physical and biogeochemical
modulation of ocean acidification in the central North Pacific. Proceedings of the National
Academy of Sciences of the United States of
America 106:12,235–12,240, http://dx.doi.org/
10.1073/pnas.0906044106.
Doropoulos, C., S. Ward, G. Diaz-Pulido,
O. Hoegh-Guldberg, and P.J. Mumby. 2012.
Ocean acidification reduces coral recruitment
by disrupting intimate larval-algal settlement
interactions. Ecology Letters 15:338–346, http://
dx.doi.org/10.1111/j.1461-0248.2012.01743.x.
Ducklow, H.W., W.R. Fraser, M.P. Meredith,
S.E. Stammerjohn, S.C. Doney, D.G. Martinson,
S.F. Sailley, O.M. Schofield, D.K. Steinberg,
H.J. Venables, and C.D. Amsler. 2013. West
Antarctic Peninsula: An ice-dependent
coastal marine ecosystem in transition.
Oceanography 26(3):190–203, http://
dx.doi.org/10.5670/oceanog.2013.62.
Easterling, D.R., G.A. Meehl, C. Parmesan,
S.A. Changnon, T.R. Karl, and L.O. Mearns.
2000. Climate extremes: Observations, modeling, and impacts. Science 289:2,068–2,074,
http://dx.doi.org/10.1126/science.289.
5487.2068.
Edmunds, P.J., R.C. Carpenter, and
S. Comeau. 2013. Understanding the
threats of ocean acidification to coral reefs.
Oceanography 26(3):149–152, http://dx.doi.org/
10.5670/oceanog.2013.57.
Fabry, V.J., B.A. Seibel, R.A. Feely, and J.C. Orr.
2008. Impacts of ocean acidification on
marine fauna and ecosystem processes. ICES
Journal of Marine Science 65:414–432, http://
dx.doi.org/10.1093/icesjms/fsn048.
Fenster, M.S., and B.P. Hayden. 2007. Ecotone
displacement trends on a highly dynamic barrier Island: Hog Island, Virginia. Estuaries and
Coasts 30:978–988.
Frieder, C.A., and L.A. Levin. 2012. High temporal and spatial variability of dissolved oxygen
and pH in a nearshore California kelp forest.
Biogeosciences Discussions 9:4,099–4,132, http://
dx.doi.org/10.5194/bgd-9-4099-2012.
Frieler, K., M. Meinshausen, A. Golly, M. Mengel,
K. Lebek, S.D. Donner, and O. HoeghGuldberg. 2013. Limiting global warming to

2°C is unlikely to save most coral reefs. Nature
Climate Change 3:165–170, http://dx.doi.org/
10.1038/nclimate1674.
Gienapp, P., C. Teplitsky, J.S. Alho, J.A. Mills, and
J. Merilä. 2008. Climate change and evolution: Disentangling environmental and genetic
responses. Molecular Ecology 17:167–178, http://
dx.doi.org/10.1111/j.1365-294X.2007.03413.x.
Gille, S.T. 2002. Warming of the Southern Ocean
since the 1950s. Science 295:1,275–1,277, http://
dx.doi.org/10.1126/science.1065863.
González-Dávila, M., J.M. Santana-Casiano,
M.J. Rueda, and O. Llinás. 2010. The water
column distribution of carbonate system variables at the ESTOC site from 1995 to 2004.
Biogeosciences Discussions 7:3,067–3,081, http://
dx.doi.org/10.5194/bg-7-3067-2010.
Graham, M.H. 2004. Effects of local deforestation on the diversity and structure of southern California giant kelp forest food webs.
Ecosystems 7:341–357, http://dx.doi.org/
10.1007/s10021-003-0245-6.
Graham, N.E., and H.F. Diaz. 2001. Evidence
for intensification of North Pacific winter
cyclones since 1948. Bulletin of the American
Meteorological Society 82:1,869–1,893, http://
dx.doi.org/10.1175/1520-0477(2001)082
<1869:EFIONP>2.3.CO;2.
Graham, M.H., J.A. Vásquez, and A.H. Buschmann.
2007. Global ecology of the giant kelp
Macrocystis: From ecotypes to ecosystems.
Oceanography and Marine Biology: An Annual
Review 45:39–88. Available online at: http://
www.pet.ulagos.cl/investigacion/publicaciones/
Graham et al 07.pdf (accessed July 24, 2013)
Harley, C.D.G., A.R. Hughes, K.M. Hultgren,
B.G. Miner, C.J.B. Sorte, C.S. Thornber,
L.F. Rodriguez, L. Tomanek, and
S.L. Williams. 2006. The impacts of climate change in coastal marine systems.
Ecology Letters 9:228–241, http://dx.doi.org/
10.1111/j.1461-0248.2005.00871.x.
Harvey, B.P., D. Gwynn-Jones, and P.J. Moore.
2013. Meta-analysis reveals complex marine
biological responses to the interactive effects
of ocean acidification and warming. Ecology
and Evolution 3:1,016–1,030, http://dx.doi.org/
10.1002/ece3.516.
Hayden, B.P., and N. Hayden. 2003. Decadal and
century-long changes in storminess at longterm ecological research sites. Pp. 262–285
in Climate Variability and Ecosystem Response
at Long-Term Ecological Research Sites.
D. Greenland, D.G. Goodin, and R.S. Smith,
eds, Oxford University Press, New York, NY.
Helmuth, B. 2009. From cells to coastlines: How
can we use physiology to forecast the impacts
of climate change? Journal of Experimental
Biology 212:753–760, http://dx.doi.org/10.1242/
jeb.023861.
Hemer, M.A., Y. Fan, N. Mori, A. Semedo, and
X.L. Wang. 2013. Projected changes in wave
climate from a multi-model ensemble. Nature
Climate Change 3:471–476, http://dx.doi.org/
10.1038/nclimate1791.
Hoegh-Guldberg, O., P.J. Mumby, A.J. Hooten,
R.S. Steneck, P. Greenfield, E. Gomez,
C.D. Harvell, P.F. Sale, A.J. Edwards,

K. Caldeira, and others. 2007. Coral reefs under
rapid climate change and ocean acidification.
Science 318:1,737–1,742, http://dx.doi.org/
10.1126/science.1152509.
Hofmann, G.E., T.G. Evans, M.W. Kelly, J.L. PadillaGamiño, C.A. Blanchette, L. Washburn,
F. Chan, M.A. McManus, B.A. Menge,
B. Gaylord, and others. 2013. Exploring
local adaptation and the ocean acidification
seascape: Studies in the California Current
Large Marine Ecosystem. Biogeosciences
Discussions 10:11,825–11,856, http://dx.doi.org/
10.5194/bgd-10-11825-2013.
Hofmann, G.E., J.E. Smith, K.S. Johnson,
U. Send, L.A. Levin, F. Micheli, A. Paytan,
N.N. Price, B. Peterson, Y. Takeshita, and
others. 2011. High-frequency dynamics of
ocean pH: A multi-ecosystem comparison.
PLoS One 6(12):e28983, http://dx.doi.org/
10.1371/journal.pone.0028983.
Ibáñez, I., E.S. Gornish, L. Buckley, D.M. Debinski,
J. Hellmann, B. Helmuth, J. HilleRisLambers,
A.M. Latimer, A.J. Miller-Rushing, and
M. Uriarte. 2013. Moving forward in globalchange ecology: Capitalizing on natural variability. Ecology and Evolution 3:170–181, http://
dx.doi.org/10.1002/ece3.433.
IPCC. 2007a. Contribution of Working Group II
to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change.
M.L. Parry, O.F. Canziani, J.P. Palutikof, P.J. van
der Linden, and C.E. Hanson, eds, Cambridge
University Press, Cambridge, UK and
New York, NY, USA. Available online at: http://
www.ipcc.ch/publications_and_data/ar4/wg2/
en/contents.html (accessed July 23, 2013).
IPCC. 2007b. Contribution of Working Groups
I, II and III to the Fourth Assessment Report
of the Intergovernmental Panel on Climate
Change. Core Writing Team, R.K. Pachauri
and A. Reisinger, eds, Geneva, Switzerland,
104 pp. Available online at: http://www.ipcc.
ch/publications_and_data/publications_ipcc_
fourth_assessment_report_synthesis_report.
htm (accessed July 23, 2013).
Kelly, R.P., M.M. Foley, W.S. Fisher, R.A. Feely,
B.S. Halpern, G.G. Waldbusser, and
M.R. Caldwell. 2011. Mitigating local causes
of ocean acidification with existing laws.
Science 332:1,036–1,037, http://dx.doi.org/
10.1126/science.1203815.
Kelly, M.W., and G.E. Hofmann. 2012. Adaptation
and the physiology of ocean acidification. Functional Ecology, http://dx.doi.org/
10.1111/j.1365-2435.2012.02061.x.
Kelly, M.W., J.L. Padilla-Gamiño, and
G.E. Hofmann. 2013. Natural variation and the
capacity to adapt to ocean acidification in the
keystone sea urchin Strongylocentrotus purpuratus. Global Change Biology 19:2,536–2,546,
http://dx.doi.org/10.1111/gcb.12251.
Kroeker, K.J., R.L. Kordas, R. Crim, I.E. Hendriks,
L. Ramajo, G.S. Singh, C.M. Duarte, and
J.-P. Gattuso. 2013. Impacts of ocean acidification on marine organisms: Quantifying
sensitivities and interaction with warming.
Global Change Biology 19:1,884–1,896, http://
dx.doi.org/10.1111/gcb.12179.

Oceanography

| September 2013

147

Kroeker, K.J., R.L. Kordas, R.N. Crim, and
G.S. Singh. 2010. Meta-analysis reveals
negative yet variable effects of ocean
acidification on marine organisms. Ecology
Letters 13:1,419–1,434, http://dx.doi.org/
10.1111/j.1461-0248.2010.01518.x.
Lurgi, M., B.C. López, and J.M. Montoya. 2012.
Novel communities from climate change.
Philosophical Transactions of the Royal
Society B 367:2,913–2,922, http://dx.doi.org/
10.1098/rstb.2012.0238.
Martz, T.R., J.G. Connery, and K.S. Johnson. 2010.
Testing the Honeywell Durafet® for seawater
pH applications. Limnology and Oceanography:
Methods 8:172–184, http://dx.doi.org/10.4319/
lom.2010.8.172.
Meehl, G.A., F. Zwiers, J. Evans, T. Knutson,
L. Mearns, and P. Whetton. 2000. Trends in
extreme weather and climate events: Issues
related to modeling extremes in projections of
future climate change. Bulletin of the American
Meteorological Society 81:427–436, http://
dx.doi.org/10.1175/1520-0477(2000)081
<0427:TIEWAC>2.3.CO;2.
Melillo, J., T. Richmond, and G. Yohe, eds. 2013.
The United States National Climate Assessment.
United States Global Change Research Program.
Available online at: http://ncadac.globalchange.
gov (accessed July 23, 2013).
Miller, R.J., D.C. Reed, and M.A. Brzezinski. 2011.
Partitioning of primary production among
giant kelp (Macrocystis pyrifera), understory
macroalgae, and phytoplankton on a temperate
reef. Limnology and Oceanography 56:119–132,
http://dx.doi.org/10.4319/lo.2011.56.1.0119.
O’Connor, M.I., E.R. Selig, M.L. Pinsky, and
F. Altermatt. 2012. Toward a conceptual synthesis for climate change responses. Global Ecology
and Biogeography 21:693–703, http://dx.doi.org/
10.1111/j.1466-8238.2011.00713.x.
Padilla-Gamiño, J.L., M.W. Kelly, T.G. Evans, and
G.E. Hofmann. 2013. Temperature and CO2
additively regulate physiology, morphology
and genomics responses in larval sea urchins,
Strongylocentrotus purpuratus. Proceedings of the
Royal Society B 280, http://dx.doi.org/10.1098/
rspb.2013.0155.
Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change.
Annual Review of Ecology, Evolution, and
Systematics 37:637–669, http://dx.doi.org/
10.1146/annurev.ecolsys.37.091305.110100.
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37–42, http://
dx.doi.org/10.1038/nature01286.
Pettorelli, N. 2012. Climate change as a main
driver of ecological research. Journal of
Applied Ecology 49:542–545, http://dx.doi.org/
10.1111/j.1365-2664.2012.02146.x.
Price, N.N., T.R. Martz, R.E. Brainard, and
J.E. Smith. 2012. Diel variability in seawater pH
relates to calcification and benthic community

148

Oceanography

| Vol. 26, No. 3

structure on coral reefs. PLoS One 7(8):e43843,
http://dx.doi.org/10.1371/journal.pone.
0043843.
Provoost, P., S. van Heuven, K. Soetaert,
R.W.P.M. Laane, and J.J. Middelburg.
2010. Seasonal and long-term changes
in pH in the Dutch coastal zone.
Biogeosciences 7:3,869–3,878, http://
dx.doi.org/10.5194/bg-7-3869-2010.
Rau, G.H., E.L. McLeod, and O. Hoegh-Guldberg.
2012. The need for new ocean conservation
strategies in a high-carbon dioxide world.
Nature Climate Change 2:720–724, http://
dx.doi.org/10.1038/nclimate1555.
Reed, D.C., and M.A. Brzezinski. 2009. Kelp forests. P. 31 in The Management of Natural Coastal
Carbon Sinks. D. Laffoley and G. Grimsditch,
eds, IUCN, Gland, Switzerland.
Reed, D.C., and M.S. Foster. 1984. The
effects of canopy shading on algal recruitment and growth in a giant-kelp forest.
Ecology 65:937–948, http://dx.doi.org/
10.2307/1938066.
Reed, D.C., A. Rassweiler, M.H. Carr,
K.C. Cavanaugh, D.P. Malone, and D.A. Siegel.
2011. Wave disturbance overwhelms topdown and bottom-up control of primary
production in California kelp forests.
Ecology 92:2,108–2,116, http://dx.doi.org/
10.1890/11-0377.1.
Root, T.L., J.T. Price, K.R. Hall, S.H. Schneider,
C. Rosenzweig, and J.A. Pounds. 2003.
Fingerprints of global warming on wild animals
and plants. Nature 421:57–60, http://dx.doi.org/
10.1038/nature01333.
Ruckelshaus, M., S.C. Doney, H.M. Galindo,
J.P. Barry, F. Chan, J.E. Duffy, C.A. English,
S.D. Gaines, J.M. Grebmeier, and
A.B. Hollowed. 2013. Securing ocean benefits
for society in the face of climate change. Marine
Policy 40:154–159, http://dx.doi.org/10.1016/
j.marpol.2013.01.009.
Ruggiero, P., P.D. Komar, and J.C. Allan.
2010. Increasing wave heights and
extreme value projections: The wave climate of the US Pacific Northwest. Coastal
Engineering 57:539–552, http://dx.doi.org/
10.1016/j.coastaleng.2009.12.005.
Sanford, E. 1999. Regulation of keystone predation by small changes in ocean temperature.
Science 283:2,095–2,097, http://dx.doi.org/
10.1126/science.283.5410.2095.
Stammerjohn, S.E., D.G. Martinson, R.C. Smith,
and R.A. Iannuzzi. 2008. Sea ice in the
western Antarctic Peninsula region: Spatiotemporal variability from ecological and climate change perspectives. Deep Sea Research
Part II 55:2,041–2,058, http://dx.doi.org/
10.1016/j.dsr2.2008.04.026.
Steinberg, D.K., D.G. Martinson, and D.P. Costa.
2012. Two decades of pelagic ecology in the western Antarctic Peninsula.
Oceanography 25(3):56–67, http://dx.doi.org/
10.5670/oceanog.2012.75.

Sunday, J.M., A.E. Bates, and N.K. Dulvy. 2012.
Thermal tolerance and the global redistribution
of animals. Nature Climate Change 2:686–690,
http://dx.doi.org/10.1038/nclimate1539.
Sutherland, W.J., S. Armstrong-Brown,
P.R. Armsworth, B. Tom, J. Brickland,
C.D. Campbell, D.E. Chamberlain, A.I. Cooke,
N.K. Dulvy, N.R. Dusic, and others. 2006. The
identification of 100 ecological questions of
high policy relevance in the UK. Journal of
Applied Ecology 43:617–627, http://dx.doi.org/
10.1111/j.1365-2664.2006.01188.x.
Vaughan, D.G., G.J. Marshall, W.M. Connolley,
C. Parkinson, R. Mulvaney, D.A. Hodgson,
J.C. King, C.J. Pudsey, and J. Turner. 2003.
Recent rapid regional climate warming on the Antarctic Peninsula. Climatic
Change 60:243–274, http://dx.doi.org/10.1023/
A:1026021217991.
Visser, M.E. 2008. Keeping up with a warming world: Assessing the rate of adaptation
to climate change. Proceedings of the Royal
Society B 275:649–659, http://dx.doi.org/
10.1098/rspb.2007.0997.
Waldbusser, G.G., E.P. Voigt, H. Bergschneider,
M.A. Green, and R.I.E. Newell. 2011.
Biocalcification in the eastern oyster
(Crassostrea virginica) in relation to long-term
trends in Chesapeake Bay pH. Estuaries and
Coasts 34:221–231, http://dx.doi.org/10.1007/
s12237-010-9307-0.
Walther, G.-R. 2010. Community and ecosystem responses to recent climate change.
Philosophical Transactions of the Royal
Society B 365:2,019–2,024, http://dx.doi.org/
10.1098/rstb.2010.0021.
Williams, S.E., L.P. Shoo, J.L. Isaac, A.A. Hoffmann,
and G. Langham. 2008. Towards an integrated framework for assessing the vulnerability of species to climate change. PLoS
Biology 6(12):e325, http://dx.doi.org/10.1371/
journal.pbio.0060325.
Wootton, J.T, and C.A. Pfister. 2012. Carbon
system measurements and potential climatic
drivers at a site of rapidly declining ocean
pH. Plos One 7(12):e53396, http://dx.doi.org/
10.1371/journal.pone.0053396.
Wootton, J.T., C.A. Pfister, and J.D. Forester.
2008. Dynamic patterns and ecological
impacts of declining ocean pH in a highresolution multi-year dataset. Proceedings of
the National Academy of Sciences of the United
States of America 105:18,848–18,853, http://
dx.doi.org/10.1073/pnas.0810079105.

