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Human-driven changes to ocean biogeochemistry affect

multiple marine processes and species, thus altering the diverse

array of ecosystem services that benefit human

societies.Changes in marine biogeochemistry such as pollution,

ocean acidification, and deoxygenation often simultaneously

affect marine environments and ecosystem services, often

interacting synergistically to enhance one another. These

biogeochemical shifts also occur in parallel with other

anthropogenically driven changes, like rising temperature and

altered circulation or reduced biodiversity and ecological

shifts. Ecosystem services that experience multiple stressors

could also therefore be more strongly harmed. Initial studies

have estimated biogeochemistry-associated losses in some

ecosystem services to which monetary values can be

assigned, but the methods used fall short for measuring

change in many other ecosystem services. Ecosystem

assessments will provide a much broader accounting of how

changing marine ecosystem services will affect human well-

being by examining the natural and social science implications

of marine biogeochemical change.
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Introduction
Human influence on ocean biogeochemistry is often

depicted as a one-way, linear relationship: industry, agri-

culture, and densely populated regions release chemicals

into the environment, and aquatic species respond when

these substances alter local waters. But when we consider

why these changes are of concern, we uncover the true,

circular relationship between humans and the ocean

(Figure 1). Anthropogenic changes that alter the biogeo-

chemistry of ocean ecosystems also alter the diverse array
Current Opinion in Environmental Sustainability 2012, 4:258–263 
of marine ecosystem services that human communities

depend on. However, rigorously assessing these changes

and their effects on humans is challenging because it

requires first clearly identifying the effects of environ-

mental change on ecosystem services that benefit people,

and then evaluating how human well-being will change in

response. The effects of marine biogeochemical change

on humans are not commonly examined, because the

links between the two are complex and not easily appar-

ent. This paper outlines the main ways in which marine

biogeochemistry is changing due to human influence,

identifies what ecosystem services could change, and

considers how well we can presently link changes in

marine biogeochemistry back to human well-being.

Human-driven biogeochemical changes
Human activities alter marine biogeochemistry through

direct and indirect pathways, which often act simul-

taneously on valuable coastal and offshore marine

resources [1�]. Direct effects occur when industrial activi-

ties release chemical compounds into the atmosphere,

onto the land, or into waterways, that then reach the ocean

and affect marine ecosystems. Indirect effects occur when

human-modified physical processes alter biogeochemical

cycles, or when changing biogeochemical cycles interact

synergistically or antagonistically with each other.

Familiar direct human effects on marine biogeochemistry

include pollution by persistent organic and organo-met-

allic compounds (e.g. DDT, PCBs, tributyl tin, methyl

mercury) and marine deposition of excess inorganic nutri-

ents [1�,2]. Industrial activity, increasing fossil fuel use,

and intensive agriculture have spread these substances

worldwide over the past half-century. Persistent organic

pollutants (POPs), or industrially generated compounds

that resist degradation, like pesticides, drugs, or solvents,

which have no natural biogeochemical breakdown cycles,

are often hydrophobic, so they accumulate preferentially in

tissues of marine organisms instead of the surrounding

water. Unlike POPs, elemental metals (e.g. mercury, iron,

copper, and lead) naturally cycle through the environment.

But when large quantities of metals released by human

activities are biologically processed or taken up, they can

become toxic (e.g. mercury becomes methyl mercury) or

bioaccumulate to hazardous levels [3]. Predators often

accumulate high levels of POPs and metals, which can

be neurotoxic, carcinogenic, mutagenic, or lethal. Pollution

by excess nutrients, usually from agricultural fertilizer

runoff or atmospheric deposition of fixed nitrogen, fre-

quently causes algal overgrowth followed by oxygen
www.sciencedirect.com
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The essentially circular relationship connecting humans to marine

biogeochemistry including multiple factors reviewed in this paper.
depletion, or hypoxia [1�,2]. A side effect of unchecked

algal blooms is often the proliferation of harmful cyano-

bacterial algal species, which sometimes further alter local

biogeochemical cycles by fixing more nitrogen while they

emit toxins that harm marine species or their predators [4].

A less commonly discussed direct change in marine

biogeochemistry caused by human activities is ocean

acidification. When seawater takes up atmospheric carbon

dioxide (CO2) released by fossil fuel consumption and

deforestation, this excess CO2 dissolves and generates

carbonic acid faster than the marine carbonate cycle can

naturally remove it [5]. Since the Industrial Revolution,

the global ocean has taken up about 25–30% of total

human CO2 emissions [6] in an extension of its natural

atmospheric CO2-regulating role. Declines in ocean pH

and carbonate ion concentrations due to ocean acidifica-

tion have been documented at open-ocean time-series

sites worldwide [7–9], and the same trends are expected

in nearshore marine ecosystems as well, often in concert

with other anthropogenic stresses [1�]. The decrease in

carbonate ion concentration due to ocean acidification

makes it difficult for calcifying organisms like bivalves

and corals to build shells and skeletons [5,10], while the

accompanying decrease in pH and increase in dissolved

CO2 affect respiration, cellular acid–base balance, immu-

nity, and olfaction [5]. At the same time, pH changes are

likely to alter metal bioavailability [11] and nitrogen

cycling [12,13], perhaps exacerbating biogeochemical

trends in these elements already occurring because of

pollution or increased stratification.

Human activities are also affecting marine biogeochem-

istry indirectly by altering the ocean’s physical conditions
www.sciencedirect.com 
[1�,14�,15]. As average global and ocean temperatures rise

due to climate change, the ocean’s vertical structure is

stratifying, slowing the ventilation of deep water with

oxygen, decreasing ocean uptake of excess carbon dioxide

(but not enough to stop ocean acidification [14�]), and

discouraging the return of nutrients from deep to shallow

water. Surface warming also lowers oxygen solubility and

thus upper ocean oxygen concentrations [16]. Meanwhile,

changing precipitation patterns, ice melt, and river runoff

associated with climate change or land use changes

promote further stratification. Runoff of fertilizer or fixed

nitrogen in coastal zones additionally decreases dissolved

oxygen as it causes phytoplankton to bloom, die, and be

decomposed by aquatic bacteria. As a result, zones of

deep water that contain low oxygen are spreading

[14�,17]. Changes in temperature, salinity, and nutrients

may also influence the life strategies of marine viruses,

with profound subsequent effects on the microbial com-

munity and thereby on marine biogeochemical cycles

[18].

Which ecosystem services could change?
Ecosystem services comprise the entire range of benefits

that nature provides to human communities. The Mil-

lennium Ecosystem Assessment classified ecosystem ser-

vices into four major categories: supporting services,

including nutrient cycling, photosynthesis, and habitat

creation; provisioning services, including food, water,

fiber, and wood; regulating services, including purifying

water, storing carbon, and regulating climate; and cultural

services, including recreational, aesthetic, and spiritual

benefits [19]. The ecosystem services most frequently

quantified are benefits that have market value, like fish-

eries harvests and other provisioning services. Services

like regulating and supporting services that are more

difficult to ‘draw a box around’, or delineate by region

or quantity, have been included less often in quantitative

assessments.

Many marine environments that provide diverse ecosys-

tem services are located in coastal zones (Tables 18.2 and

19.2 in [19]) and near urban centers, and they are there-

fore very likely to endure multiple strong anthropogenic

biogeochemical shifts. Some nearshore environments,

like estuaries, marshes, mangroves, and coral reefs, pro-

vide relatively more of each type of ecosystem service

(Table 18.2 [19]) and will respond negatively to biogeo-

chemical shifts. Estuaries and marshes experience

deoxygenation, pollution, and ocean acidification simul-

taneously, and these stressors enhance each other [20–
22]. Mangroves are sensitive to pollution [23] but tolerant

of low-oxygen conditions; their response to ocean acid-

ification is unknown. Coral reefs respond poorly to all

three biogeochemical stressors [24]. Other marine

environments, like seagrass beds, kelp forests, and

lagoons, provide ecosystem services at a lower level

(Table 18.2 [19]), but they are also less likely to be
Current Opinion in Environmental Sustainability 2012, 4:258–263
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Table 1

Major anthropogenic changes in ocean biogeochemistry could negatively impact many marine ecosystem services [19,37].

Pollutiona Ocean acidificationb Deoxygenationc

Supporting Habitats & nurseries + +

Biodiversity + + +

Biological regulation

– Predator–prey relationships + + +

– Keystone predators + + +

Freshwater storage & retention

Primary productivity +

Nutrient cycling & fertility + + +

Provisioning Food

– Fish + + +

– Invertebrates + + +

– Plants +

Clean water +

Building materials

– Wood + +

– Lime, coral +

Fuel

– Timber + +

– Fossil fuel

Medicines & genetic resources + ? +

Ornamental resources + + +

Regulating Regulation

– Air quality +

– Climate +

– Hydrologic cycle

Human disease control

Wastewater processing + +

Flood/storm protection + +

Erosion control +

Cultural Cultural & spiritual + + +

Tourism & recreation + + +

Aesthetic + + +

Education and research + + +

a Pollution is expected to act through individual organisms, food webs, and the microbial community, and episodic catastrophic events like oil or

debris spills that contaminate marine ecosystems.
b Ocean acidification’s effects are expected to be strongest on shellfish, coral, and calcifiers’ predators [5,10,38].
c Deoxygenation is expected to act through individual organisms, food webs, and cause episodic catastrophes like fish kills and cyanobacterial

blooms.
damaged by pollution, deoxygenation, and ocean acidifi-

cation. Despite these preliminary reports about the action

of multiple stressors in specific locations, we still do not

have a mechanistic understanding of how most stressors

interact to allow general predictions to be made [14�].

Even though environments that provide ecosystem ser-

vices vary in their susceptibility to major biogeochemical

stressors, specific ecosystem services could be negatively

affected by pollution, ocean acidification, and deoxygena-

tion (Table 1). Services that are very likely to be nega-

tively impacted by all three stressors include: the

supporting services of biodiversity, biological regulation,

nutrient cycling and fertility; the provisioning services of

food, building materials, ornamental resources (e.g. coral,

pearls, shell material, aquarium fish); and all the cultural

ecosystem services of spiritual benefits, tourism and

recreation, aesthetic benefits, and opportunities for edu-

cation and research. We do not know enough about the

interactive effects of stressors on these services to permit
Current Opinion in Environmental Sustainability 2012, 4:258–263 
us to forecast how hard-hit the benefits will be as a result.

However, because most overlapping stressors yield syner-

gies that enhance the effect of single stressors in marine

ecosystems [14�], ecosystem services experiencing

multiple stressors could be endangered more strongly

than others.

How well can we link changes in
biogeochemistry to human well-being?
The broad effects of changing marine biogeochemistry on

marine ecosystem services suggest many links to human

well-being, both near coasts and farther inland. Human

well-being encompasses people’s ability to have a secure

and adequate livelihood, health, good social relations,

security, and freedom of choice and action [19]. Identify-

ing changes in human well-being due to environmental

changes requires quantifying the ecosystem services that

contribute to well-being. Initial studies have estimated

losses in some monetizable ecosystem services (those

to which a monetary value can be assigned) due to
www.sciencedirect.com
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Figure 2
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Ecosystem service value classifications. From left to right, goods associated with services become increasingly privatized and easier to monetize.

Option and bequest services include those that are being saved for later use by current and future generations, respectively.
biogeochemical changes, but the methods used thus far

are best applied to ecosystem services that provide mar-

ketable goods. New approaches must be applied to con-

sider the entire array of benefits at stake from marine

biogeochemical shifts.

The benefits provided by ecosystem services have

traditionally been quantified with standard economic

methods. Ecosystem services can be valued with a

three-step process (detailed in [25]): first, the changes

in ecosystem structure, function, or processes that alter

the ecosystem service must be characterized. Second, the

changes in ecosystem structure, function, or process that

influence ecosystem services must be traced to their

effects on people. Third, changes in human well-being

are then assessed using economic valuation methods.

Specific techniques can be used for this step when an

ecosystem service’s market value is unavailable or

inadequate, including evaluating how to avoid costs

incurred because of losses (avoided cost), how much

replacing a service would cost (replacement cost), how

ecosystem services enhance incomes (factor income), how

much people are willing to spend to access and enjoy a

service (travel costs), how much people will pay on similar

goods (hedonic pricing), and how much alternatives are

worth (contingent valuation) [26]. These methods have

been used most successfully for benefits that can be

traded in the market that have a monetary value or are

clearly associated with some kind of economic trans-

actions (middle to right side, Figure 2); benefits that
www.sciencedirect.com 
are less concrete (left side, Figure 2) are less sufficiently

encompassed by these methods.

Studies that have evaluated ecosystem services losses due

to pollution, ocean acidification, and hypoxia have

examined primarily economic consequences to market

goods, or nonmarket goods (tourism, coastal protection,

recreation, etc.) amenable to the economic valuation

techniques reviewed above. Qualitative and quantitative

reports of fishery disruptions exist for specific hypoxia

events that sometimes co-occurred with other stressors,

and overall declines in fisheries landings have also been

attributed quantitatively to hypoxia (reviewed in [27]).

Numerous studies have sought to account for losses from

marine pollution, usually by single pollutants (e.g. oil,

debris, sewage, heavy metals) and for a specific region,

spill, or timeframe. The science is well enough devel-

oped, though, that a handbook of general methods for

assessing economic losses from marine pollution [28] is

available. Fewer studies have examined ocean acidifica-

tion’s impact on ecosystem services, but they have

focused on shellfish harvests and coral reefs [29–32].

Apart from providing a general consensus that changes

in marine biogeochemistry could cause very costly losses

in ecosystem services, these studies are unable to provide

deep insight because their geographic scopes, their focus

on historic events, or, for forecasts, their biological uncer-

tainties or assumptions about future biogeochemical or

economic conditions are either extremely specific or very

general. By focusing only on monetizable goods, existing
Current Opinion in Environmental Sustainability 2012, 4:258–263
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studies provide incomplete assessments of all the ways in

which humans will feel changing biogeochemistry.

Contrasting the traditional economic approach, ecosys-

tem assessments incorporate both formal (e.g. market

data) and informal knowledge (e.g. indigenous oral

histories) into a broad accounting of how changing marine

ecosystem services will affect human well-being

[33��,34]. These analyses begin by exploring the scope

of an assessment, then are designed based on user needs

and the scale of the problem. Next, the work program

assesses how the ecosystem services in question affect

human well-being, determines the drivers of change,

develops plausible future scenarios, and identifies

possible responses. After peer review, the assessment’s

findings are communicated to stakeholders. Throughout

this process, many types of specialists must be included,

and each step requires careful planning and reflection,

communication, capacity building, and stakeholder

engagement (Figure 1.2 in [33��]). Studies completed

to date have roughly followed this work model, but for

narrow topical focuses and not usually including stake-

holders or informal knowledge specialists. In addition, the

purely economic nature of studies to date does not allow

easy comparison of the results with other information

about critical ecosystem services and beneficiaries, limit-

ing application of the results by decisionmakers [34].

Conclusions
Humans’ effects on marine biogeochemistry continue to

be the subject of ongoing intense study, which needs to

be matched by study of how those biogeochemical

changes will affect humans through ecosystem services.

Impacts occur on local to global scales directly on marine

organisms via toxicity or interference with life functions

and indirectly on ecosystems via large-scale thermal and

circulation changes. Human-driven biogeochemical

changes like pollution, hypoxia, and ocean acidification

are well enough understood that we can begin to forecast

the effects of these stressors on resources, but we do not

yet understand how multiple stressors will affect particu-

lar ecosystems or the benefits they provide. Previous

integrated assessments, like the Fourth IPCC Assess-

ment Report and the Millennium Ecosystem Assessment,

have documented the presence of multiple stressors,

changing at different rates, on all ecosystem types [19]

(e.g. Table 20.1 in [35]) and regions (e.g. chapter 9 in

[35]). However, these assessments have been unable to

forecast the most likely results of layered stressors,

because there are still few studies that attribute the type

and magnitude of earth system responses to synergies or

antagonisms between interacting stressors. The Fifth

IPCC Assessment Report being written now will specifi-

cally include information on how multiple stressors shape

the impacts of climate change, adaptation to it, and

vulnerabilities associated with it, for ecosystems and

human communities [36]. Nevertheless, it is still an open
Current Opinion in Environmental Sustainability 2012, 4:258–263 
question how the benefits that anthropogenically affected

marine ecosystems provide will change in response to

marine biogeochemical change. This critical knowledge

gap prevents us from making more than initial guesses on

which benefits could be most strongly altered. At present,

we can only hypothesize that more stressors will place

ecosystem services in higher jeopardy, just as layered

stressors tend to enhance each other’s effects on ecosys-

tems.

Additional challenges in assessing how humans will feel

changing biogeochemistry are found in the difficulty of

quantifying ecosystem services. Simply characterizing

how biogeochemical changes alter an ecosystem service

is a challenge, let alone tracing the effect of changing

ecosystem services to human well-being, or assigning

economic values to human well-being. Existing studies

focused on economic or ecosystem service losses associ-

ated with marine biogeochemical changes are a first step.

But using the full ecosystem assessment approach for

future studies will lead to broader investigations incor-

porating environmental benefits that are difficult to

examine economically. This approach will require invol-

ving specialists from multiple disciplines to uncover the

natural and social science implications of marine biogeo-

chemical change, as well as engaging decisionmakers and

other stakeholders from the outset. Although assessments

at this level are more difficult to conduct form an organ-

izational standpoint, they will lead to much more

decision-relevant conclusions.
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