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Beyond ocean acidification
Philip W. Boyd

Research into the biological threat of reduced ocean pH has yielded many insights over the past decade. 
Further progress requires a better understanding of how the interplay between ocean acidification and 
other anthropogenic stresses impacts marine biota.

The terminology used to describe 
the environmental impact of rising 
greenhouse gas levels has evolved 

over the past 20!yr. "e shi# from ‘global 
warming’ to ‘climate change’, and lately to 
‘planetary boundaries’, re$ects a growing 
awareness of the multifaceted e%ects of 
anthropogenic stressors on the Earth!system1. 

"e oceans have absorbed around 
half of the carbon dioxide released into 
the atmosphere as a result of fossil fuel 
combustion and cement production over 
the past 200!yr2,3. As a result, carbonic acid 
levels have risen and sea water has become 
increasingly acidic; pH has dropped by 
approximately 0.1!units since pre-industrial 
times, which amounts to a considerable 
increase in acidity. However, it wasn’t 
until the year 2000, and the publication 
of a seminal study4 that revealed the 
detrimental impact of reduced ocean pH 
on a group of planktonic calci&ers known 
as coccolithophores, that research into 
ocean acidi&cation really took o%. Since 
that time, the topic of ocean acidi&cation 
has matured into a multidisciplinary 
&eld5!— incorporating carbonate chemistry3, 
biology4, mathematical modelling3 and 
oceanography5 — and has received extensive 
general interest, ranging from national 
science academies2 to schools6.

Here, I argue that the sustained focus 
of the research into this growing hazard 
to ocean health, buoyed by its successful 
and widespread communication, may 
have obscured some of the complexity 
inherent in global environmental change1. 
To redress the balance, research into the 
interplay between ocean acidi&cation and 
numerous anthropogenic stressors, and 
their cumulative impact on ocean biota, is 
needed!(Box!1).

Lessons learnt
Over the next century, seawater pH is 
projected to decline by 0.5!units, at a rate 
unprecedented in the past 300 million 
years (Myr)2,3. Laboratory and &eld 
experiments, together with observational 
studies, suggest that fauna extending from 

the base to the apex of marine food webs 
could be adversely a%ected5. For example, 
the ability of animals such as corals and 
molluscs to synthesize calcium carbonate 
shells, in a process known as calci&cation, 
could be impaired5. Furthermore, some 
fauna may undergo declines in metabolic 
capacity and fertilization rates, and increases 
in mortality5. Similar trends are also 
expected in many marine plants, including 
microscopic coccolithophores4.

"e results of ocean acidi&cation research 
have been successfully disseminated to 
a wide audience, extending beyond the 

boundaries of the scienti&c community6. 
For example, in 2008 an Act was passed in 
the USA to develop an ocean acidi&cation 
research and monitoring plan7, which is now 
being implemented. It is likely that both the 
potency and simplicity of the term ocean 
acidi&cation3!— which clearly conveys the 
potential threat to ocean health!— assisted 
greatly in the communication of the 
research to policymakers, and ultimately 
to legislators. Despite such rapid and 
unprecedented progress into one aspect of 
climate change research, however, the ocean 
acidi&cation community risks becoming 

Carbon dioxide. Uptake of anthropogenic 
carbon dioxide is increasing oceanic 
concentrations, which directly (through 
photosynthesis and carbon-concentrating 
mechanisms)2 and indirectly (through 
declines in pH and ocean acidi&cation)2,3 

in$uences marine biota. As for all the 
stresses listed, the interactive e%ects of 
carbon dioxide and other stressors on ocean 
biota is becoming increasingly evident9.

Temperature. A warming ocean will directly 
impact the growth rates and temperature 
tolerance of marine organisms, and thereby 
spatial distributions8,9. Indirect e%ects 
include increased strati&cation of the oceans8 
(see!below). 

pH. Ocean acidi&cation is an indirect 
e%ect of oceanic uptake of carbon 
dioxide3. Detrimental e%ects include 
the dissolution of calcium carbonate 
structures and decreased calci&cation 
rates2,13. Reduced pH will also impact non-
calcareous!organisms2,5.

Strati!cation. "e enhancement of the 
upper-ocean density gradient8 is caused both 
by warming and by altered freshwater inputs 
(from sea ice, precipitation and evaporation). 
"is, in turn, modi&es the communication 

between the surface and subsurface ocean, 
and may decrease the vertical supply of plant 
nutrients to surface!waters8,9. 

Mixed-layer depth. "e thickness of 
this stratum controls mean light levels 
in the upper ocean8, and hence rates of 
primary productivity, with knock-on 
ecological!e%ects.

Sea level. Rising sea level is projected owing 
to thermal expansion and altered freshwater 
inputs. "is may restructure ecosystems in 
nearshore and intertidal!communities.

Hydrology. Changes in runo% patterns are 
expected owing to altered land use10 and 
modi&ed precipitation patterns resulting 
from climate change17. "is could lead to 
eutrophication, the release of pollutants 
and sediments into the oceans and altered 
nearshore circulation patterns. 

Ultraviolet radiation. Increased ultraviolet 
penetration, owing to anthropogenic 
damage to the upper atmosphere, has a 
detrimental impact on biota, owing to the 
modi&cation of macromolecules and the 
production of reactive oxygen species18. 
Ultraviolet radiation and climate change 
cause feedbacks on one another.

Box 1 | Environmental stressors of marine biota.
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isolated from developments in the wider 
&eld of global environmental change1 if it 
maintains this tight research focus.

The interplay of environmental stressors
Ocean acidi&cation is one of many 
properties undergoing pronounced change 
in the world’s oceans today. Most climate 
change modelling experiments reveal 
concurrent changes in many environmental 
parameters that in$uence marine biota8 
and structure ecosystems9 — including 
temperature, mixed-layer depth and sea 
level (Box!1). As well as the e%ects of climate 
change, other anthropogenic stressors — 
such as hydrological changes — are expected 
to impact biota, particularly in coastal 
waters10!(Box!1).

"ere is growing evidence for the interplay 
of numerous environmental stressors in 
laboratory manipulation experiments, 
with both synergistic and antagonistic 
e%ects on coastal and o%shore biota9. For 
example, reduced calci&cation by marine 
phytoplankton in the northeast Atlantic 
Ocean is driven by the interplay between 
warming and higher carbon dioxide 
concentrations9. "is interplay will make it 
di'cult to identify the cause of any changes 
in the health of the $ora and fauna that 
make up marine ecosystems. "e problem 
is well illustrated in interpretations of the 
Palaeocene–Eocene "ermal Maximum, 
which took place more than 55!Myr ago, and 
was characterized by concurrent increases 

in ocean temperature and acidity, and 
declines in nutrient concentrations11. "e 
period provides perhaps the best proxy in 
the geological record for present-day ocean 
acidi&cation. But because of the concurrent 
shi# in environmental stressors, investigators 
have been unable to tease apart the relative 
roles of seawater pH, temperature and 
nutrient levels on the nanofossil record11. 
Similarly, conducting and interpreting the 
outcome of environmental perturbation 
experiments in which more than three 
properties are changed!— for example 
temperature, iron, light and carbon dioxide 
levels — is thought to be very!di'cult9.

One of the key &ndings from ocean 
acidi&cation research is that calci&cation in 
both $ora4 and fauna5 is reduced at lower 
pH values. However, large gaps exist in our 
knowledge of the environmental drivers of 
calci&cation, and there is emerging evidence 
for numerous controls12,13, some of which 
may be interactive9. For example, gene 
expression studies suggest that phosphorus 
availability12 and light levels13 help control 
calci&cation in coccolithophores. Given that 
climate change model simulations predict 
decreased phosphate concentrations and 
increased mean underwater light levels over 
the next century8, predicting how future 
calci&cation rates will change is di'cult. In 
nearshore waters, the interaction of climate-
mediated factors and other anthropogenic 
stressors (Box!1) may further confound 
the attribution of the causes of ecological 

change14, in particular in complex biological 
associations such as corals15 (Fig.!1). 

In turn, ocean acidi&cation in$uences the 
interplay between environmental stressors. 
In particular, reductions in seawater pH are 
thought to alter the speciation of important 
plant nutrients, including ammonium and 
iron2, modifying their availability. In the 
case of iron, some studies report an increase 
in bioavailability in more acidic waters2, 
whereas others report a decrease16.

Grasping the nettle
With a growing appreciation of how 
global environmental change will manifest 
itself 1,10 comes the daunting challenge 
of understanding the complex and o#en 
counterintuitive interplay of a matrix 
of changing ocean properties and their 
biological implications9. If we are to better 
identify and catalogue biological responses, 
and subsequently predict the sign and 
magnitude of their feedbacks, we must 
take a holistic view of the e%ects of global 
environmental change.

A decade of research into ocean 
acidi&cation has provided more than just 
scienti&c insights. It has demonstrated clearly 
the power of building a dedicated research 
community that can communicate its 
&ndings far beyond the traditional scienti&c 
audience. However, there is a danger that, 
in the coming decades, the overall relevance 
of research into the impacts of ocean 
acidi&cation alone may be considerably 
diminished unless the full complexity of the 
changes ahead is!investigated. !
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Figure 1 | Fire coral. Teasing apart the impact of numerous environmental stressors, including ocean 
acidification, on complex biological associations such as corals, is likely to prove di!cult.
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