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• Land-Based Runoff
Persistent and episodic infl ows to the ocean from rivers, stormwater, and wastewater outfalls carry fresh water, nutrients and organic matter. 
In estuaries and areas of the coastal ocean that are affected by river run-off, these inputs have exacerbated localized acidifi cation and 
deoxygenation. Terrestrial inputs can be diffuse, such as in parts of Oregon and Washington where numerous small rivers terminate at the 
coast, or these inputs can be concentrated where major river systems aggregate chemistry from large upland areas into major plumes.

• Nutrient additions: Eutrophication stimulated via nutrient loading (i.e., elevated nutrients are assimilated by primary producers), 
particularly nitrogen and phosphorus, from land-based sources may create greater variability in carbonate chemistry through concurrent 
increases in primary production followed by respiration (Table 1, Scenario 3; Cai et al. 2011). These processes can be separated by 
space or time based on water mixing and circulation processes, among other considerations.

• Freshwater inputs: Many river plumes are often more acidic than the ocean waters they combine with. Riverine freshwater inputs 
reduce receiving ocean alkalinity - the buffering of seawater – leading to large shifts in carbonate chemistry along the continental 
shelf (Salisbury et al. 2008). Low salinity-induced reduction in seawater density may alter water column mixing and circulation, with 
associated impacts to the location of biological activity. The timing and intensity of annual maximum freshwater fl uxes is also likely 
to shift based on changes in annual precipitation and snowpack, especially in the northern California current system, adding further 
complexity.

In some cases, surface oceans may exhibit a lesser response to anthropogenic eutrophication that is magnifi ed at depth as particles from the 
surface are respired (Table 1, Scenario 3A and 3B). In addition, water transport via ocean circulation (currents) and mixing can move water masses 
with high CO2 and low O2, resulting in offshore and deep locations with acidifi ed, hypoxic conditions worse than one might predict based upon 
nearshore surface productivity. 

Deepening Understanding: Linking Chemical Changes to Biological Responses
Projections of change in multiple aspects of ocean chemistry have prompted an increase in multi-stressor experiments designed to elucidate 
the confounding effects of continued warming, deoxygenation, and acidifi cation. Experimental approaches have recently isolated the specifi c 
carbonate-chemistry variables that drive some of the observed responses in marine organisms (Waldbusser et al. 2015a; b). These have confi rmed 
that ocean acidifi cation itself can be considered a multi-stressor problem. Even without considering the interacting effects of deoxygenation and 
warming, physiological processes are each infl uenced by different components of the carbonate system: pCO2, dissolved CO2,aq, pH, carbonate, 
and bicarbonate concentrations, and the saturation state of aragonite and calcite minerals (�Ÿa, �Ÿc; Waldbusser et al., 2015b).

As atmospheric CO2 levels continue to rise, different biological thresholds will be crossed at different times – depending not only on the species, 
but also by the stressor and the specifi c physiological process being affected. This complexity 
will result in a mixture of observed impacts in time and space. Metabolic coupling of O2 and 
CO2 complicates the interpretation of responses to deoxygenation and acidifi cation (Box 1). 
Are systems negatively impacted by the loss of oxygen during organic matter decomposition, 
or by the acidifi cation due to the coincident carbon dioxide release, or by both?

Temperature effects over time are also complex. Warming might not always be stressful, 
but can also serve as an enhancer for activities such as spawning that are dependent on 
warm-interval conditions, and as a mechanism that increases growth rates of some calcifi ers, 
potentially alleviating the impact of acidifi cation (e.g., Waldbusser et al. 2011, Kroeker et al. 2014). 

Despite these complexities, evidence from past responses to temperature change, hypoxia, and other environmental shifts indicate that there 
will be strong ecological impacts due to variability in these parameters (Moffi tt et al., 2015a,b). Multi-stressor experiments offer a path forward 
for linking complex ocean chemistry changes with responses by individuals, populations and ecosystems (McElhany and Busch 2013, Reum et al. 
2014), while also considering the temporal covariance of extreme events and sensitive life history stages (Waldbusser and Salisbury 2014). 
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Supporting Policy and Management Action
Recent research has highlighted that ocean acidifi cation, hypoxia, and warming are part of a system of interacting stressors facing marine 
ecosystems. While ocean acidifi cation has garnered attention at multiple levels of government, viewing changing ocean chemistry as a multi-
stressor issue illuminates the need for coordinated action by natural resource, water and air managers and policy-makers.

Looking forward, we can focus on research trajectories that increase our ability to predict future perturbation scenarios and likely impacts 
on ocean resources. Theoretical models offer the potential to forecast co-variance of suspected stressors (e.g. Rodgers et al. 2015), and have 
promise in identifying nearshore regions that may be future hotspots of, or refugia from, combined acidifi cation, thermal, and deoxygenation 
stress (Fiechter et al. 2014). These locations present ideal candidates for experimental scenario testing. The potential for fi eld and laboratory 
experimentalists to work with modelers in experimental design for meaningful future-condition simulation is still largely underutilized and is a 
growth area for future research. 

New interdisciplinary science approaches can inform and support novel cross-jurisdictional policy action that acknowledges and holistically tackles 
changing ocean chemistry. 
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