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 EXECUTIVE SUMMARY 
This report was prepared to support the work of the International Joint Commission’s Science 

Advisory Board. The Stressor Interactions Work Group initiated this study because it recognized 

the lack of understanding of the potential for nonlinear effects and unanticipated and possibly 

sudden ecological changes that may result from the additive impact and non-additive interaction 

of several stressors. The group recognized that the degree of synergistic interaction among Great 

Lakes stressors is difficult to predict, and that the net impacts of two or more stressors on the 

same ecosystem are not routinely considered in ecosystem management and restoration 

decisions.  

The goal of the project was to characterize stressor interactions in the Laurentian Great Lakes, 

with emphasis on a set of priority pairs of stressors. The report includes a high-level summary of 

multi-stressor literature both within and outside the Great Lakes, an overview of seven priority 

stressors in the lakes, and consideration of the best documented and most important stressor 

interactions among these priority stressors.  

Findings: 

 Aquatic stressor interaction studies have yielded variable results that do not support 

generalization across ecosystems and geographies. For example, a recent review of stressor 

interactions within the Great Lakes showed that synergistic and antagonistic interactions 

were dominant whereas a large river multi-stressor study in European freshwater systems 

found two-thirds of the effects were additive (no interactive effects). All of these studies find 

some evidence of a greater impact when stressors co-occur, but vary as to whether the 

effective is additive, antagonistic, or synergistic. As a consequence, even if individual 

stressors can be measured, cumulative stress is difficult to assess. 

 Priority interacting stressors in the Great Lakes region include the following: invasive 

species, toxic chemicals, excess nutrients, habitat loss, climate change, pathogens, and fish 

harvest. Although each of these categories can be further sub-divided, and the list is not 

exhaustive, these priority stressors provide a restricted subset for further consideration.  

 Based on the above list of priority interacting stressors and considering feedback from 

experts on important potential interactions of these stressors, the following 11 stressor pairs 

were examined in detail: 

 invasives and climate change,  

 invasives and nutrients, 

 toxics and climate change,  

 toxics and nutrients, 

 toxics and habitat loss, 

 climate change and nutrients, 

 climate change and habitat loss,  

 nutrients and habitat loss, 
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 climate change and pathogens,  

 fish harvest and invasives, and 

 invasives and habitat loss.  

 

 The potential exists for the environmental consequences of one stressor to be modulated by 

the presence of a second stressor. For example dreissenid mussels can increase light 

penetration and trap nutrients in sediment, promoting Cladophora growth. Climate change 

can increase the intensity and frequency of rain events, and subsequently the amount of 

runoff leading to higher levels of nutrients and pathogens delivered from watershed. 

 As part of the expert workshop three pairs were evaluated further (nutrients-toxics; nutrients-

invasives; and invasives-habitat loss) to provide more informative tests of the application of 

stressor interaction to management approaches. These workshop case studies highlighted the 

importance of considering spatial and temporal variability when evaluating the intensity of 

the interaction in the Great Lakes region. Because the majority of stressors originate on land 

where agricultural and urban activities are most pronounced, the intensity of many stressors 

is likely to be greatest in near-shore waters, and decrease with distance from shore. 

 Other contextual considerations appear to be important. As for example, stressor frequency 

and duration as well as the sensitivity and vulnerability of the impacted resource value can 

vary with weather extremes, ecosystem conditions and drivers of human activity. In some 

cases the analysis of interactions may be required at a relatively fine spatial scale. 

 Trends in stressor interactions are likely linked to trends in stressors themselves, as well as 

the intensity of their management through time. For example, loading from point sources of 

toxics and nutrients has been substantially reduced over time, and invasive lampreys are 

effectively managed with lampricide application and other measures. Climate change, 

emerging contaminants of concern, and many invasive species are not effectively managed.  

Key Knowledge Gaps: 

 Spatial resolution and temporal resolution of data on stressors often are insufficient to 

determine their status and trends, and their interactions, in order to facilitate informed 

management decisions. Important gaps identified by workshop participants include better 

data on nearshore nutrient cycling and speciation, abundance of invasive fish, seasonality of 

stressors, primary productivity and upper food web linkages, emerging and understudied 

contaminants, river plume dynamics, fish pathogens, fish toxins that drive consumption 

advisories, and response of ecosystems to management actions.  

 Gaps in process understanding of stressor interactions are common. Robust studies of 

interactions are rare, and often limited to controlled laboratory settings or mesocosms and 

single species or life stages. These limitations can make it difficult to translate results to 

natural environments across a range of contextual considerations and meaningful 

management scales.  
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Recommendations: 

 Although active monitoring and research programs are addressing some questions related to 

stressor intensity and interactions, continued investment in two particular areas is a priority: 

(1) improved management and integration of data that reduce latency and efficiently put 

information on stressor and affected ecosystem status in forms that support management 

decisions, and (2) creation and maintenance of operational models that accurately simulate 

ecosystem processes and states under multiple interacting stressors, as well as likely or 

possible future stressor scenarios.  . 

 Although process understanding of stressor interactions is relatively limited, continued 

investment in programs which manage multiple stressors within a system in a coordinated 

way will likely be more effective than programs managing individual stressors. Particular 

examples that address multiple stressors include Areas of Concern and fisheries management 

programs. Within these programs, consideration of interactions may be important to 

incorporate as our understanding of stressors interactions improves.  

 Great Lakes policies that regulate, support, and incentivize sustainable reduction of 

individual stressors, should be better integrated across jurisdictions to avoid gaps in 

mitigation and should target resources toward stressor interactions that are either best 

understood, most urgent to address, or most amenable to management. 
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 INTRODUCTION  
There is substantial uncertainty in scientific understanding of the synergistic role of multiple 

stressors in ecosystem health and resilience, and a corresponding lack of clarity in terms of 

prioritizing management actions to reduce stressors that will be most effective in restoring 

ecosystem functions and services. Most stressors are the result of either past or ongoing human 

activities, so as we seek to live more sustainably, we need to understand which changes in 

behavior and management of Great Lakes ecosystems will result in the greatest and most durable 

improvements.  

The International Joint Commission (IJC) has responsibility for regular reporting on progress in 

the Great Lakes and other boundary waters, as well as for investigating the risk to ecosystems 

that may result from current or future stressors. The Laurentian Great Lakes are subjected to a 

wide range of stressors, including climate change, invasive species and toxic chemicals, but the 

interaction between these stressors remains understudied. Recent studies highlight the relevance 

of cumulative impacts of multiple stressors and the potential for significant and adverse impacts 

on the lakes (e.g., Danz et al. (2007), Morrice et al. (2008), Allan et al. (2013), Smith et al. 

(2015)).  IJC has determined the importance of characterizing stressor interactions in the Great 

Lakes, building on the results of this project, with particular emphasis on assessing up to 10 pairs 

of priority interacting stressors, and of identifying additional research, surveillance, and 

monitoring activities that are required to fill 

associated knowledge gaps. IJC has also 

expressed the desire for an evaluation of ways 

in which they can understand and 

communicate the potential of nonlinear 

effects to result in ecological damage from the 

additive impact of several stressors. A Great 

Lakes multiple stressor framework (e.g., Stow 

and Hook 2013; European MARS project, 

Hering et al. 2015) is clearly needed to guide 

ecosystem status tracking by IJC and others, 

as well as for decision-making about 

restoration actions. This study has attempted 

to continue to advance current synthesis and 

understanding of stressor interactions with 

that goal in mind.  

In this report, the term “stressor” focuses 

exclusively on anthropogenic disturbances, 

including human-mediated introductions of 

nonindigenous aquatic species to the Great Lakes and human-induced climate change. This is to 

Definitions: 

Stressor – external driver of a degraded condition in 

ecosystem state, function or service provision 

Anthropogenic – human-produced or mediated 

Antagonism – partial or complete cancellation of 

individual stresses caused by the combined interaction of 

two or more stressors 

Synergy – stressor interactions that produce greater 

impacts than the sum of individual stressors 

Additive– combined stressor impacts that are equal to the 

sum of the individual impacts 

Multiplicative – stressor impacts that are similar to 

synergy (greater than additive) 

Non-additive - stressor impacts that result in synergy or 

antagonism (less than or greater than additive) 

Cumulative - the influence of all stressors together, often 

estimated as an additive summation 
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distinguish it from natural disturbances such as a large flood or a volcanic eruption, which may 

have disastrous environmental impacts, but which still cannot be considered stressors under this 

definition.  

Ecosystems are inherently complex, often making it difficult to forecast a particular response to 

an environmental stressor. This is further complicated by nonlinear responses as well as complex 

interactions among multiple stressors. For example, natural loading of chemical species such as 

nutrients or trace metals may enhance a lake community or provide a net ecological “benefit”, 

but when levels exceed a critical threshold the system responds nonlinearly and becomes 

stressed. Additionally, some communities which are 

metal-tolerant have been shown to become more 

susceptible to other stressors such as acidification, 

ultraviolet radiation, or predation as they approach the 

upper end of their tolerance range (Courtney and 

Clements 2000). Acclimating to one set of stressors 

may increase an organism’s sensitivity to another. This 

sensitivity to stressors can also differ widely among 

organisms or locations, which makes studying and 

predicting responses to multiple stressors very difficult. 

It is therefore useful to attempt to understand the 

interactions among stressors, in order to predict the 

combined impact, rather than simply managing each in 

isolation.  

Folt et al. (1999) described three key modes for stressor interactions: additive, multiplicative, or 

non-additive. In this model, both synergism and antagonism could derive from both additive and 

multiplicative models, whereas the non-additive model described situations where the net effect 

of the combined stressors was less than the sum of their individual effects. Folt et al. (1999) 

compared this to Liebig’s law of the minimum, where the effect of nutrients depends on the 

concentration of the one, most-limiting nutrient. Additionally, the direction of the interaction can 

be important. Smith et al. (2019) presented a conceptualization of three possible stressor 

interaction outcomes in the context of two individual stressors, A and B (Figure 2Figure 1). 

Stressor A and B may decrease or increase an ecological response or process compared to a 

control, but the combined effect of A and B may occur in the same or the opposite direction as 

that predicted for the individual stressor effect (Crain et al. 2008, Piggot et al. 2015).  

For the purposes of this report, additive or cumulative effects are considered to be the direct sum 

of two individual stressor effects with no net interaction, while synergistic effects (larger net 

effect than additive) and antagonistic effects (smaller net effect than additive) are considered to 

be significant interactions. An applicable example was described by Gennings et al. (2005), in 

reviewing toxicological interactions, where they defined an interaction between two chemicals as 

occurring when the dose–response relationship for one chemical is affected by the dose of the 
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among stressors (from Smith et al. 2019) 
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other chemical. If the shape of the dose–response relationship of one stressor does not change in 

the presence of another stressor, then these stressors do not interact, and the responses are said to 

combine additively. These definitions are also consistent with others who have presented a 

conceptual representation of multiple stressors effects (e.g., Gunderson et al. 2016, MARS 2018, 

Smith et al. 2019).   

 APPROACH 
This assessment project was divided into four tasks, which were described by the IJC Work 

Group as shown in Table 1, in slightly modified form. Initial work consisted of discussions with 

IJC staff and Work Group leadership, followed by the initial literature review, conference calls 

with the Work Group, and selection of preliminary priority stressors and stressor pairings for 

analysis. Attention then shifted to development of a report outline and preparations for the expert 

workshop. The workshop was conducted and a workshop report was prepared to capture the 

discussions and conclusions. Subsequently, a full report draft was prepared for review by Work 

Group members and review comments were incorporated into a final draft. 
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Table 1. Project Task Descriptions 

Task Description 

1 

Literature Review: Review existing literature that considers stressor interactions, including 

marine and other literature from outside the Great Lakes, to develop a working vocabulary 

of stressor interaction terms, summarize the state of knowledge, and generate an annotated 

list of key references. The review will include at least 50 articles from peer-reviewed and 

grey literature, agency and other reports, internet resources, and interviews with subject 

matter experts. The work of academic entities, agencies (e.g., Great Lakes Water Quality 

Agreement Annex Committees), Indigenous nations, and non-government organizations 

will be considered, as required. 

2 

Identify Priority Interacting Stressors: Develop a list of a subset of stressors where (a) the 

impact of at least one of the stressors is thought to be important and potentially modified by 

the presence of a second stressor, and (b) information exists to either assess interactions 

directly, or (c) develop conceptual models and hypotheses that identify mechanistic 

pathways to clarify how pairs of stressors may interact. A deeper understanding of stressor 

interactions will require detailed consideration of the mechanistic pathways linking 

stressors to biological and ecosystem impacts. 

3 

Workshop: The output from Tasks 1 and 2 will be reviewed and evaluated through an 

expert workshop. A key goal of the workshop will be to confirm a list of priority interacting 

stressors and their associated information, e.g., spatial extent, severity, etc. The workshop 

will also include a discussion related to management implications and options to 

communicate and mitigate identified stressor interactions. The results of the two-day 

binational expert workshop (participants from academic, government, and non-government, 

sectors) will be compiled and reported. Workshop participants will be identified by the 

Work Group in consultation with IJC staff and the contractor.  

4 

Reporting: Prepare a project report that addresses the state of knowledge of stressor 

interactions in the Great Lakes, identifies and describes up to 10 pairs of ‘priority’ 

interacting stressors, including their spatial variability and severity across the lakes, 

identifies key knowledge gaps and recommends science and policy priorities to address or 

further evaluate the importance of stressor interactions in the Great Lakes. The contractor 

will provide report drafts, which will be reviewed by Work Group members and IJC staff, 

and prepare a final report of approximately 70-100 pages. The IJC Work Group, in 

consultation with IJC staff, will utilize the contractor’s report as a basis for its reporting to 

the IJC.  
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 STRESSORS LITERATURE BACKGROUND  
The purpose of this section is to briefly provide information on multiple stressors both in a 

broader context and within the Great Lakes ecosystems. We reviewed a broader set of literature, 

both from within and beyond the Great Lakes basin, in order to: 

 examine stressor combinations that are commonly documented in scientific literature; 

 describe how common non-additive effects are;  

 identify priority stressor combinations for the Great Lakes;  

 characterize the strength of stressor interactions across different environments and scales;  

 assess underlying data quality and strength of evidence for non-additive stressor interactions; 

and  

 identify corresponding research and monitoring needs. 

 

LimnoTech further coordinated with the IJC Stressor Interactions Work Group, and with invited 

experts at a project workshop, to refine the collective current understanding of the topic and to 

build consensus about important ways to prioritize future research and management directions. 

As discussed above (Section 2), there are multiple modes of interactions among stressors, with 

varying definitions across the literature. While non-additive effects of stressors have been 

hypothesized, synergistic stressor interactions and their occurrence in nature are still not well 

understood. Crain et al. (2008) synthesized 171 marine studies and found that synergistic 

interactions were just as common as antagonistic interactions. The prevalence of synergies in 

stressor interactions in freshwater ecosystems, however, appears to be variable. 

A meta-analysis of stressor interactions in freshwater ecosystems found that the net effect of 

stressors pairs was most frequently antagonistic (Jackson et al. 2016; see Figure 2 below), in 

contrast with the findings of Crain et al. (2008) for marine systems. Yet, a recently published 

literature review of Great Lakes stressor interactions by Smith et al. (2019) found synergies 

accounted for 49% of the total interactions. Finally, Darling and Côté (2008) performed a meta-

analysis of 112 studies of multiple stressors in freshwater, marine and terrestrial communities. 

They found that less than one-third of experiments were additive, while more than 75% showed 

non-additive effects (i.e., synergies or antagonisms). 
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Figure 2. Results from four peer-reviewed literature compilations that identify the number of studies that 

found antagonistic, synergistic, and additive effects.  

Interestingly, among the four articles ranging from 2008-2019 in which each reviewed the 

literature for interactions among stressors, there was a remarkable consistency with respect to the 

percent of antagonistic interactions (~40%; Figure 2). However, there was significant variation in 

the percent of synergistic (28-49%) vs. additive effects (9-26%). The biggest difference was in 

the Smith et al. (2019) Great Lakes synthesis which suggested the high number of synergistic 

interactions compared to additive effects (49% vs, 9%) possibly was due to a potential 

publication bias or the lower sample size included. It should also be noted that the relatively low 

number of additive effects (9-26%) reported in these reviews is contrary to a major European 

multi-stressor project (discussed below in section 4.2), where they found two-thirds of the 

stressor pairs were additive and only a third were interactive (synergistic or antagonistic).  

 Great Lakes stressors 

The Great Lakes hold a significant portion of the world’s surficial fresh water (~18%) and cover 

a total area of 244,000 km2 with over 16,000 km of coastline. Over 40 million people depend on 

the Great Lakes for their drinking water supply and the Great Lakes region generates billions 

each year economically. As such, clean water in the Great Lakes is fundamental to sustain both 

its human and ecological health and its economic value in the bi-national region. The Great 

Lakes ecosystems are subjected to multiple co-occurring stressors and interactions among these 

stressors can elicit unexpected impacts. These stressors and interactions can also differ 

temporally and spatially within and across the lakes (Allan et al. 2013, 2017). Allan et al. (2013) 

mapped 34 human-induced stressors which ranged from pollution to climate change to provide 

an overview of cumulative ecosystem stress across the Great Lakes (Figure 3).  
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Figure 3. Map of 34 unique stressors within the Great Lakes (taken from Allan et al. 2013). 

While this map provides an excellent representation of areas which are the most heavily stressed, 

the index was based on additive impacts, given the lack of knowledge on interactions among 

stressors (Allan et al. 2013). While the potential for these stressors to overlap in the Great Lakes 

has been identified by many, and indicators for individual stressors (IJC 2014) have been widely 

used, a gap still exists in understanding interactions among stressors (S. Smith et al. 2015, 2019).  

Smith et al. (2019) performed an extensive systematic literature review of interacting stressors in 

the Great Lakes. They used the review and expert elicitation to identify priority pairs of likely or 

potentially important interactions in the Great Lakes. Figure 4 shows the results of the literature 

findings, whereby the most studied was nutrient loading and invasive species, followed by 

invasive mussels and invasive fish. Expert elicitation frequently identified synergy as the 

probable form of interaction, and often was inconsistent with the systematic literature review. 
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Figure 4. Systematic literature review of potential interactions in the Great Lakes (taken from Smith et al. 

2019). 

The review showed that while there are many potential interactions in the Great Lakes, studies 

among co-occurring stressors were limited and few measurements of both individual and joint 

effects of stressors had been published (Smith et al. 2019; Figure 4 above). This was also noted 

in a summary of the challenges for research in the Great Lakes, by Sterner and colleagues 

(2017), where they articulated the importance of focusing attention on developing a more 

comprehensive approach to understanding human-induced stress than simply examining single 

stressors on a case-by-case basis. They also highlighted a need to better understand whether the 

response of the Great Lakes to multiple stressors is “simply additive, or involves synergistic or 

antagonistic effects”. Sterner et al. (2017) also stressed that while understanding interactions is 

important, we also need to understand the resiliency of the Great Lakes to multiple stressors. 

Indeed, while the concept of resiliency is not discussed in depth in the current report, it remains 

an important consideration in understanding how the Great Lakes ecosystems will respond to 

additional stress. Knowing the potential capacity for the ecosystem to absorb change may help to 

better predict what changes (both structurally and functionally) within an ecosystem are 

expected.  

While direct studies of stressor interactions in the Great Lakes are few, and there is only partial 

agreement about the frequency of non-additive versus additive effects, there is ample evidence 

that system responses to an individual stressor can be modulated by one or more additional 

stressors. For example, Collingsworth et al. (2017) aimed to improve our understanding of 

responses of Great Lakes fisheries to climate change both alone and among other human-induced 

stressors (e.g., invasive species, nutrients, fish stocking). They forecasted that warmer 

temperatures and altered precipitation patterns would interact with other stressors and lead to 

additional stress on fisheries from longer stratification leading to increased bottom hypoxia, 

expanded invasive species distribution from warmer temperatures in northern lakes (Whitney et 

al. 2016), as well as intensified competition from higher consumption rates (Yurista et al. 2010). 
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In another example, Auer et al. (2010) applied numerical models and historical water quality data 

to determine the impact of changes in phosphorus loading in combination with mussel-driven 

changes in water clarity on Cladophora distribution and biomass. They concluded that 

Cladophora declines in the 1970s and early 1980s, driven by phosphorus loading reductions 

(single stressor management), were largely offset by greater water clarity and light penetration 

due to filter feeding by invasive mussels that increased the depth of Cladophora occurrence, and 

consequently the amount of total production. 

 Beyond the Great Lakes 

A recent effort in the European Union, the Managing Aquatic ecosystems and water Resources 

under multiple Stress (MARS) Project, has dealt with multi-stressor effects on European 

freshwater systems (Birk and Hering 2018). Expected products include >200 publications (see: 

http://www.mars-project.eu/). As reported in the MARS recommendations, “Out of 156 single 

results of pair-wise stressor combinations analyzed within studies of MARS, two-thirds were 

additive (i.e. had no significant interactions), while one third showed significant interactions.” It 

should be noted that MARS considered significant interactions to be non-additive (e.g., 

synergism or antagonistic), where the effect of the two stressors was greater than or less than 

their sum. The most consistent non-additive interactions with nutrients and a secondary stressor 

as identified in MARS are shown in Table 2.  

Table 2. Managing Aquatic Ecosystems and Water Resources Under Multiple Stress (MARS) interactions 

across stressors. The tabular subset is taken from the MARS report and highlights nutrients interactions with 

other stressors (BQE=Biological Quality Elements, Browning - an increase in the yellow-brown color of 

lake/river water, caused mainly by dissolved organic matter). 

 

The MARS results suggest that in European aquatic systems (mostly rivers [42% of 130 total 

water bodies studied] and some lakes [24%] and coastal waters [34%] impacted by non-point 

pollution and hydrologic alteration), stressor interactions (beyond simple additivity) are less 

common. In other words, the influence of stressor A and B is most often A+B (see Figure 1), but 

not less than or greater than their sum. Additionally, using a stream ecosystem in Japan as a 

http://www.mars-project.eu/
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model, Fausch et al. (2010) found that the strong negative effects of individual stressors, reduced 

or eliminated the impact of more subtle stressors. In cases when individual stressors have very 

large effects, synergism or antagonism may be less relevant; that is, the combined influence of 

the two stressors is no greater than that of the most severe stressor acting alone.  

Several broad literature reviews, mentioned earlier, that attempted to determine the generality of 

stressor interactions in aquatic ecosystems, yielded differing conclusions. Crain et al. (2008), in a 

highly-cited paper, “synthesized 171 studies that manipulated two or more stressors in marine 

and coastal systems and found that effects in individual studies were additive (26%), synergistic 

(36%), and antagonistic (38%).” Jackson et al. (2016) “analysed data from 88 papers including 

286 responses of freshwater ecosystems to paired stressors and discovered…that the net effects 

of stressor pairs were frequently more antagonistic (41%) than synergistic (28%), additive (16%) 

or reversed (15%).” In contrast, Geiswein et al. (2017), assessed 1095 sites within a mountainous 

catchment, using 12 stressor variables covering three different stressor groups. They concluded 

that “additive stressor effects dominated, while significant and meaningful stressor interactions 

were generally rare and weak.”  

Some of the apparent discrepancies between these studies, but not all, can be attributed to 

differences in terminology and methods. One aspect that currently is not well understood is how 

habitat-specific these findings are. That is, should broad general principles regarding stressor 

interactions emerge from studies in similar ecosystems around the world, or are watersheds, 

species assemblages, or ecoregions idiosyncratic? Should marine and freshwater systems be 

expected to behave similarly? This was discussed in Johnston et al. (2017), where they 

highlighted a need for two types of contrasting but complementary scales of environmental 

assessments. The first being an overall characterization of condition for the entire region of 

interest (e.g., Allan et al. [2013] for the Laurentian Great Lakes) and the second, a more spatially 

and temporally refined assessment at prioritized locations (e.g., Areas of Concern or other 

hotspots). The authors described an integrated ecological modeling system for assessing impacts 

of multiple stressors on river ecosystem services by forecasting water quality and quantity, 

habitat suitability for aquatic biota, fish biomasses, population densities, productivities, and 

contamination by methylmercury across head-water watersheds (Johnston et al. 2017). They 

concluded that an integrated ecological modeling system may be very useful for the assessment 

of multiple impacts (e.g., land use and climate change) to enable forecasting of alternative 

futures and filling data gaps where monitoring data may be unavailable. They state “the ultimate 

goal is to support environmental decisions with quantifiable estimates of uncertainty and 

variability, as a necessary evolution of quantitative process-based modeling for prediction and 

long term forecasting of alternative future scenarios”. 

Uncertainty is also highlighted in Côté et al. (2016), where the authors provided a comprehensive 

and well-illustrated conceptual review that emphasizes application of stressor interactions to 

conservation management, including the consideration of uncertainty. This component is not 

always addressed in interaction studies, but is essential when defining gaps in process 
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understanding; as additional experiments are performed and monitoring periods are lengthened, 

uncertainty is reduced.  

 EXPERT WORKSHOP 
As part of this project, a workshop was conducted in Windsor, Ontario on April 9-10, 2019 (see 

agenda and attendee list in Appendix A; photo in Figure 6). The workshop included an invited 

list of subject matter experts from Canada and the United States who were also known to be 

collaborative “big thinkers” and effective synthesizers. Many of them had worked together on 

previous related projects and publications. The group represented a diversity of geographic and 

technical expertise. There was common overall specialization in the areas of freshwater ecology 

and ecosystem management among the majority of participants. Summaries of the presentations 

and details of workshop discussions are included in a separate workshop report. A brief summary 

of results is included here. 

The workshop began with a welcome and introductory comments by the hosts, organizers, and 

facilitators. This group outlined the objectives and approach, and reviewed the materials that 

were sent to the group in advance, as well as printed material and forms that were available on 

tables during the workshop. Some background information on the project progress to date was 

provided by the contractor team, and the broader workshop discussion was initiated by five 

panelists who spoke briefly on each of five stressor categories nutrients and their potential 

Figure 5. Project workshop in March 2019. 
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interactions. The five main stressor categories were as follows: 

 Chemicals  - Mike Murray, National Wildlife Federation 

 Invasive Species  -  Bob Hecky, Univ. of Minnesota - Duluth  

 Climate  -  Craig Stow, NOAA GLERL     

 Nutrients  -  Bob Sterner, Univ. of Minnesota – Duluth  

 Habitat Loss  -  Lucinda Johnson, Univ. of Minnesota – Duluth  

Each panelist provided general thoughts on these major categories. Mike Murray summarized 

prior studies of chemical interactions and potentially productive approaches that could be 

adapted from other applications (e.g., human health). Bob Hecky was skeptical of the importance 

of stressor interactions, which he illustrated through the history of invasive species impacts. This 

was an important counter to an emphasis on interactions, although that there are notably direct 

(reduced food base) and indirect (greater water clarity) effects of dreissenids. Bob Sterner's 

emphasis on spatial overlap was important. He agreed that many stressors are likely congruent, 

yet the key issue of spatial context (nearshore vs. offshore, individual lakes, embayments) 

remains important. Lucinda Johnson made important points about habitat being both a stressor 

and a response, identifying the complexities of habitat. Craig Stow emphasized uncertainties and 

the end of stationarity as a result of changing climate. Consideration of uncertainty applies 

broadly, but non-stationarity is especially relevant to hydrology.  

A key goal of the workshop was to confirm a list of priority interacting stressors and their 

associated information (e.g., spatial extent, severity), building from an initial draft matrix that 

was prepared in advance (Table 3). Stressor pairs were selected based on the following criteria: 

• At least one of the stressors is thought to be important and potentially modified by the 

presence of a second stressor, and 

• Information exists to either assess interactions directly, or  

• Sufficient understanding exists to develop conceptual models and hypotheses that 

identify mechanistic pathways to clarify how pairs of stressors may interact. 

Note that the reality of interactions in natural settings among three or more stressors was 

recognized by workshop attendees and discussed briefly, but was eliminated as too complex for 



Stressor Interactions in the Great Lakes  February 4, 2019 

 

16 | P a g e  

 

further productive consideration in this venue. 

Table 3. Initial stressor pair matrix. Potentially every pair may interact, but each X indicates an interaction 

that is likely to be of higher concern based on published information and professional judgment.  

 

 Day One Breakout Session Overview 

The Day One breakout session was an initial screening of stressor pairs considered likely to 

result in significant interactions. For each stressor pair in the above matrix (Table 3), each 

breakout group was tasked with the following: (a) describe the interaction in one-two sentences, 

(b) assess whether the interaction likely to be important enough for further consideration, and (c) 

assess whether the interaction is likely to be synergistic or antagonistic. Specifically, the first 

breakout session focused on the following two questions:  

• Are the identified stressor pairs of greatest concern in the Great Lakes ecosystems and, if 

not, what other pairs should be considered? 

• For each pairing, are the effects additive, synergistic, antagonistic, or not yet known? 

Workshop participants generally agreed that the initial stressor matrix included important 

stressors that should be part of a definitive list of those considered most important. However, 

there was discussion about the merits of higher level (e.g., climate, nutrients, toxics) categories 

versus more specific sub-categories (e.g., warming, phosphorus, mercury). Climate change was 

recognized as an “overlying” stressor that affects most, if not all others. A number of workshop 

participants believed additional stressors should be added to the original list, including fishing 

pressure or exploitation, and pathogens. A revised listing was not finalized, but the Work Group 

later agreed on a consensus seven stressor categories which form the basis of Section 6 of this 

report (below). Of these seven stressor categories, 11 stressor-pairs were selected for further 

consideration.  

Participants noted that an analysis and characterization of stressor pairs is highly location-

specific (e.g., lake-specific, nearshore/offshore), and their opportunity for interactions may vary 

from one location to the next. Although context also includes the many environmental variables 

(e.g., temperature, DO) that differ among locations and these considerations may all be important 
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when defining stressor pair impacts. This can also include a social dimension (e.g., the 

perceptions of a “user” of the Great Lakes system). For example, if you like fishing for brown 

trout in the nearshore you might like the presence of gobies.  

As the IJC is most interested in management-relevant recommendations, as opposed to those that 

are limited to a call for more research, this aspect was considered in review of potential stressors 

for analysis. Management recommendations were considered to be best suited for stressor pairs 

where data, information, and understanding of interactions are sufficient to offer 

recommendations with confidence.  

 Day Two Breakout Session Overview 

Given the importance of spatial considerations with respect to stressor pairs, three case-studies 

were developed from workshop participant suggestions. To the extent possible, stressor 

pairs/locations were selected to represent different categories of stressor interactions (e.g., 

additive, synergistic, or antagonistic), with a focus on those where sufficient data and 

information exist to allow for meaningful management recommendations. 

The three case studies were as follows:  

 Interactions of Nutrient and Toxic Stressors in the Western Basin of Lake Erie 

 Interactions of Invasive Mussel and Nutrient Stressors in Lake Michigan 

 Interactions of Invasive and Habitat Loss Stressors in the Lake Ontario Basin  

Methodical attention to several questions associated with each of three case studies was 

important to address such matters as the nature of the stressor interaction, key mechanisms, 

contextual considerations, management recommendations, monitoring/surveillance 

recommendations, and research recommendations. The results of the case studies and associated 

discussions are incorporated into the larger set of pairwise comparisons of stressor interactions 

discussed below (Section 6.2).  

 PRIORITY STRESSOR INTERACTIONS IN THE GREAT LAKES 
A combination of the literature review, Work Group and workshop interactions, and subsequent 

analysis resulted in a final list of priority Great Lakes stressors that are described below. We then 

consider the binary interactions of a subset of the possible stressor pairs. 

 Stressor selection 

Seven priority stressor categories were selected based on existing literature, prior IJC projects 

including the Great Lakes Early Warning System study and workshop, IJC Work Group 

discussions, IJC workshop discussions, and professional judgment. The selection of stressors 
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involved several iterations, but ultimately a larger list of the key stressors was decided upon to 

better capture the breadth of stressors within the Great Lakes. The selected stressors consist of 

the following: 

 Invasive species 

 Toxic chemicals 

 Excess nutrients 

 Habitat loss 

 Climate change 

 Pathogens 

 Fish harvest 

 

A brief description of each stressor category is below, followed by discussions of the interactions 

between 11 representative stressor pairings.  

 Invasives 
Invasive species are among the greatest threats to the Great Lakes basin. The abundance of non-

native species can dramatically alter the structure and function of these aquatic communities. 

Researchers have identified the Great Lakes as one of the most invaded freshwater systems 

across the world (Ricciardi and MacIsaac 2000, Ricciardi 2006). At present, over 180 species 

have been identified as nonindigenous to the region (Sturtevant et al. 2019). Figure 6, provides a 

representation of the number of known invaders on the US side of the Great Lakes watershed. A 

comparable Canadian watershed figure or data source was not identified. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Aquatic nonindigenous species in the Great Lakes (taken from GLANSIS 2018 

report) and nearby US communities. Comparable Canadian watershed data were not 

identified. 
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While there are over 180 invaders in the Great Lakes, in recent years sea lampreys, dreissenid 

mussels, and round gobies have received significant attention. The dreissenid mussel invasion, 

first by zebra mussels (Dreissena polymorpha) and then by quagga mussels (Dreissena 

rostriformis bugensis), caused major changes in the waters and sediments of the Great Lakes. 

Zebra mussels were first detected in Lake Erie in the late 1980s, but eventually were able to 

spread and become established in all of the Great Lakes, except for offshore areas of Lake 

Superior (Dove and Chapra 2015). Like the dreissenid mussels, the round goby is one of the 

most successful invaders in the Great Lakes, reaching densities of 1-14 individuals per square 

meter in some areas, with maximum densities over 130 per square meter.  Round gobies are 

present in all lakes and Figure 7 clearly shows significant overlap with the dreissenids. Many 

studies have suggested that gobies could be (or have already been) effective at reducing 

dreissenid populations by predation (Lederer et al., 2008, Wilson et al., 2006, Naddafi and 

Rudstam, 2014, Foley et al. 2017). Research has shown that gobies can consume up to ~ 80 

zebra mussels/day, but they generally prefer smaller mussels. A number of researchers have 

shown a shift in dreissenid mussel length-frequency distributions due to this preferential 

consumption of smaller mussels (Ray and Corkum 1997, Wilson et al. 2006). Though this 

predation may contribute to a reduction in mussels, it is unlikely that gobies would significantly 

reduce recruitment because small mussels survive beneath rocks or wedged between larger 

mussels (Djuricich and Janssen 2001, Wilson et al. 2006).  

Given their expansive range across both nearshore and offshore Great Lakes environments, they 

are likely to interact with most other types of stressors as well as other invasive species. 

However, the extent and severity of these interactions can vary across time and space. For 

example, within Lakes Huron and Michigan, mussels appear to trap and retain phosphorus 

Figure 7. The spatial distribution of zebra and quagga mussels (LEFT) and round gobies (RIGHT) in the 

Laurentian Great Lakes normalized to a scale from zero to one (from GLEAM).  
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nearshore (nearshore shunt hypothesis; Hecky et al. 2004) enhancing nearshore nuisance blooms 

but also reducing offshore productivity (Bunnell et al. 2014). Within the eutrophic western basin 

of Lake Erie, habitat is less suitable for mussels and shallow water depths make sediment 

resuspension common, so the influence of mussels there is less important.  

 

Additionally, there are several other potentially harmful invaders including the sea lamprey, a 

primitive jawless fish, which parasitizes a number of economically and ecologically important 

fish; and the wetland plant, Phragmites, both of which interact to varying degrees with other 

major Great Lakes stressors. 

 Toxics 
 

A number of anthropogenic chemicals can be found within the Great Lakes watershed including 

persistent organic pollutants (POPs) as exemplified by p,p’-DDT, polychlorinated biphenyls 

(PCBs), polychlorinated dibenzo-p-dioxins (dioxins) and dibenzofurans, per- and polyfluoroalkyl 

substances (PFAS) and many other emerging chemicals (e.g., pharmaceuticals, personal care 

products). For the purposes of this report the focus will primarily be on POPs (mainly PCBs), 

and the metal, mercury. These chemicals have a long history and widespread occurrence within 

the Great Lakes watershed. Though there has been a significant decrease across all lakes since 

their ban in the 1970s, most restrictive fish consumption advisories are still driven primarily by 

PCBs and secondarily by mercury (Gandhi et al. 2016, 2017, OMOECC 2015). Figure 8 presents 

the trends in whole lake trout and walleye PCB concentration across the Great Lakes over the 
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last several decades, showing a significant decline across all Great Lakes.  

 

 

Similarly, a general pattern across the Great Lakes has been a declining trend from the elevated 

mercury concentrations of the 1970s, followed by a gradual stabilization (Visha et al. 2018a). 

The declining trend was most significant with top predators (e.g., lake trout, walleye), whereas 

benthivorous fish declined to a lesser extent. More recently, some species show an increasing 

trend that may be attributed to shifts in energy trophodynamics and food web changes induced 

from the introduction of invaders, and the fluxes from the atmosphere (Visha et al. 2018a).  

While the focus of the discussion herein will be on the interaction of single toxic compounds or 

classes with stressors other than different toxics, the reality of a potential within-category 

interaction should not be forgotten. Individual contaminants, in the presence of many other 

contaminants, can induce a variety of interactions including additive and synergistic effects. 

Figure 8. Concentration of PCBs over time in walleye and lake trout (from Hites and Holsen 2019). 
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Thus, toxics can be considered as individual stressors interacting with stressors other than 

contaminants, or as pairs, triads, or larger groupings of toxic stressors alone.  

 

 Nutrients 
Nutrients, such as phosphorus, nitrogen, and silica are essential components of phytoplankton 

growth and are essential to the proper functioning of the base of the Great Lakes food web. 

However, when excess loads of nutrients (mainly phosphorus) from point and non-point sources 

enter surface waters, at concentrations beyond the system’s ability to incorporate the excess into 

normal biogeochemical cycles, this can lead to significant algal growth and ecological and 

human health concerns. While nitrogen and silica will be mentioned here, the focus of this report 

will be on phosphorus and how its impacts interact with those of other Great Lakes stressors.  

Phosphorus has been recognized for decades as the primary limiting nutrient for primary 

productivity in most freshwater systems, including the Great Lakes. Concerns about the impacts 

of excess nutrient loading on the lakes, including algal blooms and oxygen depletion of bottom 

waters, led to regulation and mitigation of total phosphorus (TP) loading to the lakes from the 

United States and Canada beginning in the 1970s, and accelerating through the 1990s and early 

2000s (Dove and Chapra 2015). The reappearance of large algal blooms and continuing hypoxia 

in parts of Lake Erie and other parts of the Great Lakes in the mid-2000s has been attributed to 

factors including a rise in loading of dissolved P, much of which originates from agricultural tile 

drains (D. Smith et al. 2015), and higher runoff in recent years (Stow et al. 2015) attributed by 

some to changing climate. 

As previously mentioned, (6.1.1) the synergistic interaction between phosphorus and mussels is 

one of the best studied within the Great Lakes. And while synergistic interactions or additive 

effects are most commonly reported, nutrients may also interact antagonistically with invasives. 

For example, in areas where productivity leads to seasonal bottom hypoxia, mussels may be 

limited. This has been observed in the offshore dead zone in the central basin of Lake Erie where 

the bottom substrate is nearly void of mussels.  

 Habitat Loss 
For the purposes of this report, the focus of this stressor will be on habitat loss or alteration 

within coastal wetlands, given the primary human role and the widespread impacts and 

interactions with other co-located stressors. A significant portion of the biological productivity 

and diversity within the Great Lakes is concentrated in the coastal wetlands. Anthropogenic 

activities, however, such as land-clearing and drainage for agriculture, and filling of wetlands to 

permit coastal development, have resulted in the historical loss of significant portions of Great 

Lakes wetlands. Some experts have estimated that nearly 50% of the pre-settlement Great Lakes 

coastal wetlands have been lost and in some areas such as Saginaw Bay in Lake Huron, up to 

95% have been lost. Additionally, invasive plants such as Phragmites and Typha have replaced a 
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significant portion of native wetland plants. These factors continue to threaten the quality of 

existing wetlands (Trebitz et al. 2009). Figure 9 presents data from the period of 1996-2010 

showing losses and gains in both development and wetlands. Clearly, wetland loss is a 

continuing problem in the Great Lakes. Other direct alterations of habitat which are important 

include dredging/filling, hardening of shorelines, and construction of dams and other barriers that 

restrict fish passage in tributaries and modify flows.  

 

Figure 9. Gains and losses are shown for the period of 1996-2010 for A) Development and B) Wetlands. Data 

were summarized from NOAA C-CAP land cover atlas database (taken from Shuchman et al. 2017). Note 

that no comparable Canadian data are included.
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The loss of wetlands can interact directly with other Great Lakes stressors, including climate 

change, nutrients and toxics. For example, wetlands can sequester toxics and trap nutrients from 

entering the main waterbody such that the loss of wetlands leads to additional contaminant loads 

in the main water bodies.  

 Climate Change 
Climate change is causing significant impacts on the Great Lakes basin, affecting multiple 

aspects of the aquatic ecosystem as well as human activities (ELPC 2019). To focus the 

discussion of climate change impacts in this project, the primary stressors considered were 

warming and precipitation. According to the ELPC report, “Between 1901-1960 and 1985- 2016, 

the Great Lakes basin has warmed 1.6°F in annual mean temperature, exceeding average changes 

of 1.2°F for the rest of the contiguous United States. By the end of the 21st century, global 

average temperatures are expected to rise an additional 2.7°F to 7.2°F.”  These changes in 

climate are impacting several components in the Great Lakes including air temperature, 

precipitation intensity and timing, length of growing season, and lake ecology and indigenous 

wildlife distributions. Figure 10, from ELPC (2019) based on work reported in Mason et al. 

(2016), shows multi-decadal trends in ice cover and surface water temperature across the Great 

Lakes. 

 

Figure 10. The maps show the duration of seasonal ice cover (left) decrease in most areas of the Great Lakes 

between 1973 and 2013, and summer surface water temperature (right) increases from 1994 and 2013 (Mason 

et al. 2016). 

With regard to precipitation, the Great Lakes region saw an almost 10% increase from 1901 to 

2015 (U.S. increased just 4%), with more of this precipitation coming as unusually large events 

(ELPC 2019). Scientists expect wetter winters and springs, while summer precipitation should 

decrease by 5-15% for most of Great Lake states by 2100. 

Given the widespread impact that climate has on the Great Lakes region, it is not surprising that 

climate can closely interact with other co-occurring stressors. However, the interaction type and 
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strength can vary both seasonally and temporally. For example, increased temperatures can both 

provide new refuge for some invaders (e.g., mussels invade Lake Superior) yet reduce the 

densities of cooler water invaders in the southern Great Lakes. Warmer water temperatures can 

enhance the mobility of toxics but may also increase microbial breakdown of some contaminant 

groups. Likewise, warmer temperatures may intensify algal blooms but reduced spring snow 

melt may also reduce runoff. It is clear that while the interactions of other stressors with climate 

change are complex, they are increasingly important to understand.  

 Pathogens 
Pathogens in the Great Lakes are an ongoing management concern. This section encompasses 

both beach advisories and closings often based on fecal indicator bacteria (FIB), as well as fish 

disease such as viral hemorrhagic septicemia (VHS). Disease transmission through the 

contamination of recreational and drinking water sources is a significant public health concern in 

the Great Lakes (Corsi et al. 2015, Lenaker et al. 2017). Extensive work done in the Great Lakes 

has shown that E. coli can persist in a wide variety of secondary habitats, such as water, beach 

sand, sediment, and periphyton (references within Mathai et al. 2019). While FIB are the 

prominent measure of contamination, recent research has demonstrated that FIB can be poor 

surrogates for pathogens (Ishii et al. 2014, Corsi et al. 2015). It has been suggested that viruses 

are responsible for a significant portion of illness resulting from recreational water exposure. 

Indeed, there are over 500 waterborne pathogens of potential concern in drinking waters, 

identified by the U.S. Environmental Protection Agency (EPA).  

Pathogenic organisms can closely interact with other stressors, including toxics, warming, habitat 

loss, and fishery overharvest. For example, VHS, an invasive virus caused by an aquatic 

rhabdovirus, has had an impact on the Great Lakes fish community and fish harvest (Figure 11), 

including in areas that are already stressed by invasive species.  
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Figure 11. Map showing VHS detections across the great lakes from 2003-2008. 

Until the late 1980’s the VHS virus was considered to be a pathogen limited to Western Europe. 

However, following its discovery in Lake Ontario in 2005, after a significant fish die off, it was 

identified in archived fish samples from Lake St. Clair as early as 2003. The virus has affected 

many different fish species from different families in the Great Lakes (Elsayed et al. 2006) and is 

responsible for significant fish mortality. Pathogenic organisms also interact with climate 

change, where increases in precipitation can lead to higher bacteria and virus loads in nearshore 

Great Lakes environments.  

 Fish Harvest 
Improperly managed fishery exploitation can be an important threat to sustainable fish 

populations and healthy ecosystems in the Great Lakes and elsewhere. Historically, a number of 

examples in the Great Lakes basin demonstrate how overharvesting can functionally extirpate a 

species, such as the lake sturgeon (Sweka et al. 2018) and/or significantly reduce others (cisco, 

lake whitefish and walleye; Ebener et al. 2008, Brenden et al. 2010, Haponski et al. 2016, 

Hansen et al. 2019). The Great Lakes Fishery Commission now facilitates binational stock 

assessments and harvest decisions to ensure a well-balanced and productive fish population that 

supports recreational, commercial, or subsistence fisheries, as well as healthy ecosystems.  

This cooperative fishery management has been critical as management of stocks requires an 

understanding of other stressors such as invasive species, habitat loss, and climate change that 

will impact sustainable harvest quantities (de Kerckhove et al. 2015). For example, while lake 

trout were also subjected to overfishing, the invasive sea lamprey has caused the most damage to 
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this species (Elrod et al. 1995) and warming from climate change is expected to have a 

significant effect on the distribution and abundance of Great Lakes fish (Lynch et al. 2010, 

Minns 2014, Collingsworth et al. 2017). Understanding how these stressors interact remains an 

important component of regional fisheries management strategies. 

 Stressor pair selection 

The selected stressor pairs are shown in the following table (Table 4), with consideration of their 

interactions and mechanisms. The table is followed by more detailed discussion of each pair, 

including a case study and references. 

As noted above (section 5), three cases studies were discussed in depth at the workshop1. These 

included toxics and nutrients, invasive species and nutrients, and habitat loss and invasives 

(Sections 6.2.1-6.2.3). The workshop identified the difficulty in selecting important stressor pairs 

without contextual considerations. As for example, toxics and nutrients may be an important 

interaction in the western basin of Lake Erie but may not be an issue in upper Lake Superior. 

Given these considerations, participants focused on a select stressor pair within a specific lake or 

basin. In the following three case studies the general stressor pair is introduced followed by a 

summary of the workshop discussion of the pair at a specific location. This is followed by less 

comprehensive treatments of the other selected stressor pairs that were not considered in detail at 

the workshop (Sections 6.2.4-6.2.11).  

                                                 

1 Each group responded to the following questions in discussing their case studies: 

1. Identify and describe the stressor combinations that are commonly documented in 

scientific literature;  

2. Describe how common non-additive effects are, i.e., synergistic and antagonistic effects;  

3. Identify the stressor combinations that are thought to be of greatest concern in the Great 

Lakes ecosystem;  

4. Characterize the strength of stressor interactions across different aquatic environments 

and across different scales, including scale of measurement, spatial scale from local 

embayment to whole lake, and temporal scale, and the ability of existing indicators to 

capture such interactions;  

5. Assess the underlying data quality and strength of evidence of the identified stressor 

interactions;   

6. Identify and describe the additional research, surveillance, and monitoring activities that 

are needed to fill knowledge gaps and better address an assessment of interacting stressors 

in the Great Lakes. 
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Table 4. Potential additive/synergistic or antagonistic relationships of stressor pairs. 

Stressor Pair Additive or Synergistic Antagonistic* 
Most Probable 

Interaction 

Toxics and 

Nutrients 

 Nutrient induced hypoxia could enhance mobility 

and microbial transformation of some toxics (e.g., 

methylation of Hg), and possibly bioavailability 

Increased organic matter burial due to higher 

productivity  could sorb and sequester toxics 

in sediment; productivity increases due to 

increased P loads, biomass dilution effect 

increases with trophic status; nutrient induced 

hypoxia could make  redox-sensitive metals 

less bioavailable 

Antagonistic 

Invasives and 

Nutrients 

Nearshore shunt traps nutrients, reducing offshore 

productivity (Hecky et al. 2004) and fish biomass; 

mussel feeding increases light penetration and 

traps nutrients in sediment, which promotes 

macroalgae growth; selective feeding of mussels 

on diatoms vs. cyanobacteria may be a factor in 

HABs, but magnitude of effect is unclear; scale of 

impact on HABs of nearshore nutrient shunt 

(antagonism) is also unclear 

Seasonal hypoxia limits mussels in central 

basin of Lake Erie; mussel feeding may 

sequester nutrients in sediment, reducing 

HABs; Phragmites may also take up and trap 

nutrients in coastal areas 

Additive or 

Synergistic 

Invasives and 

Habitat Loss 

Mussels can enhance light penetration and 

promote growth of nuisance macroalgae; this is 

further enhanced by nutrient runoff in areas with 

decreased wetlands for nutrient trapping; some 

invasives like gobies, who favor rocky rip rap 

Wetland filling, and particularly complete 

wetland destruction, may fragment habitat, 

slowing the geographic spread of some 

invaders. 

Additive or 

Synergistic 
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Stressor Pair Additive or Synergistic Antagonistic* 
Most Probable 

Interaction 

shoreline habitat, do better in areas without 

wetlands.  

Invasives and 

Climate 

Change 

Warming allows range expansion within lakes, 

particularly into Lake Superior (mussels), 

increases potential Asian carp habitat, and 

increases lamprey growth rates and fecundity 

(Hansen et al., 2016); warmer winters allow 

subtropical invaders to survive 

Warming may create temperatures that are 

unfavorable for some invasives in shallow 

water or at southern limits in the Great Lakes; 

sequestration of carbon in peat by Phragmites 

can offset some atmospheric carbon fluxes, 

creating a negative feedback on climate 

change  

Additive or 

Synergistic 

Toxics and 

Climate 

Change 

Warmer temperatures enhance mobility and 

microbial transformation of some toxics (e.g., 

methylation of Hg), and possibly bioavailability 

Warming may accelerate microbial 

degradation rates and annual duration of 

higher activity impacting some organic 

pollutants  

Both 

Toxics and 

Habitat Loss 

Wetland loss reduces filtration and area of 

potential sink in organic-rich sediments prior to 

lake loading of toxic effluent 

Filling of coastal wetlands caps toxics in 

some industrial areas such as river mouths 

and harbors (e.g., Muskegon Lake); loss of 

wetlands can reduce production of some 

contaminants (e.g., methyl mercury) 

Both 

Climate 

Change and 

Nutrients 

Warmer and longer summer seasons may favor 

more intense algal blooms, stratification and 

hypoxia; more sediment P mobilization by longer 

and more widespread hypoxia; higher 

Warming may cause early algal blooms to 

consume available nutrients that would 

otherwise fuel blooms later in the season, as 

in Lake Erie in 2018; Warmer winters may 

Additive or 

Synergistic 
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Stressor Pair Additive or Synergistic Antagonistic* 
Most Probable 

Interaction 

precipitation and increased river discharges may 

further increase loadings 

result in less snowmelt for spring runoff and 

associated loading 

Climate 

Change and 

Habitat Loss 

Warming may favor invasives such as Phragmites 

and decrease the amount of wetland area with 

native vegetation 

Warming without corresponding increases in 

precipitation would decrease water levels, 

increase growing season, and potentially 

increase wetland area 

Additive or 

Synergistic 

Nutrients and 

Habitat Loss 

Less watershed and coastal nutrient trapping by 

wetlands, and corresponding increase in 

impervious surface in filled urban wetland areas 

increases lake loading; higher nutrient loads in 

smaller wetlands may favor establishment and 

rapid growth of invasives (Phragmites) 

In the absence of invasives, moderate 

increases in nutrient loading to coastal 

wetlands can enhance growth of native 

wetland vegetation, which can in turn trap 

more nutrients 

Additive or 

Synergistic 

Climate 

Change and 

Pathogens 

Increase in intensity and frequency of rain events 

increases levels of pathogens delivered from 

watersheds; increase in beach closings and human 

health advisories 

Some pathogens do not replicate or survive at 

higher temperatures (e.g., most VHS 

outbreaks occur when water temperatures are 

39- 57°F, fish rarely die above 59 °F). 

Additive or 

Synergistic 

Invasives and 

Fish Harvest 

Invasives (e.g., sea lamprey) can reduce native 

fish populations thereby impacting harvest fish 

populations 

Invader can improve conditions for a local 

fishery (zebra mussels improved water clarity, 

supporting visual predators like Lake Ontario 

salmon) 

Additive or 

Synergistic 

 

*(note: “antagonistic” does not necessarily mean a negative net outcome)
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 Toxics and Nutrients: Organic Pollutants and Phosphorus  
 

The concentration of persistent organic pollutants such as PCBs and methyl mercury (MeHg) in 

biota is driven by a number of physicochemical properties, but there is also growing recognition 

of the roles of physiological and ecological characteristics in modifying concentrations and 

bioaccumulation potential (Borga et al. 2012, Lavoie et al. 2013). A number of studies have 

shown how increased productivity can decrease the concentration of POPs in higher trophic level 

organisms by biodilution (e.g., Larsson et al. 1992, Berglund et al. 2001, Pickhardt et al. 2002, 

Kidd et al. 1999, Clayden et al. 2013). An example is shown in Figure 12 where the authors 

compared the concentration of methyl mercury in Daphnia with increased phosphorus inputs and 

showed a significant decline.  

 

 

Figure 12. Mean concentration of methyl mercury in Daphnia against added phosphorus (panel A shown 

from Pickhardt et al. 2002). 

In this case the contaminant pool is diluted by several factors including a larger amount of 

biomass making up the base of the food web, more effective transport of contaminants to 

sediment via algae sinking (higher rates of sedimentation), and more efficient growth of fish 

from increased food abundance and/or food quality (Guildford et al. 2008).  

6.2.1.1 Workshop Case Study:  Interactions of Nutrients and Toxic Stressors in the 

Western Basin of Lake Erie 

 

Defining ‘nutrients’ and ‘toxics’ was necessary to contextualize the discussion. Nutrients were 

defined as phosphorus loadings, toxics as the concentration of persistent bioaccumulative toxics 

(PBTs) (e.g., PCBs, Hg, PFAS) in fish. As described above, phosphorus load reductions have the 

potential for increased toxics mobilization and/or higher toxics concentrations in organisms due 

to lower growth rates and less biomass dilution. From a risk-benefit perspective, however, the 

need to reduce P may outweighs concerns about potential toxics liberation or increased 



Stressor Interactions in the Great Lakes  February 4, 2019 

 

32 | P a g e  

 

concentrations in organisms, particularly given parallel efforts to remove legacy contaminants in 

sediment and to reduce toxics loading in the Great Lakes.  

The group focused narrowly on the case study topic; there was little discussion of other stressor 

combinations. There was strong consensus that – as reported in the literature – stressors vary 

temporally and spatially and thus their interactions do too. Although the persistent nature of 

toxics means that the chemicals are less influenced by temporal considerations, those come into 

play through life stage and migration considerations. For example, larval feeding by fish on 

diatoms may influence toxics uptake, and seasonal temperature patterns can influence primary 

productivity and fish metabolism/growth rates.  

The group generally agreed with prevailing literature that toxics decline with increasing nutrients 

in the system based on biomass dilution due to higher growth rates and other factors, and thus the 

effects are antagonistic. Notwithstanding the complexity of the nutrient load and fish 

productivity relationship, mechanisms were discussed. As productivity increases due to increased 

P loads, increased growth rates in fish dilute PBT concentrations in tissue. The biomass dilution 

effect increases with trophic level. Increased primary production also results in more rapid burial 

of PBTs not bound in tissue. Nutrient increases can also lead to increased bacterial growth rates 

and enhanced bacterial degradation of PCBs.  

Conversely, as P loads are reduced, PBT concentrations tend to increase in fish tissue and burial 

is also reduced. PCBs in particular may re-enter the water column through diffusion, bioturbation 

and dredging or other disturbances. The group also briefly considered the influence of toxics on 

nutrients, for example P content in glyphosate.  

In the context of the case study, mechanisms of interactions between nutrients and toxics vary 

between Lake Erie basins: the western basin is broadly representative of other shallow 

productive ‘embayments’ where the mechanisms described above are relatively strong. The east 

basin sees lower prey fish biomass, predator growth rates, and limited burial – and may be 

broadly representative of interactions in mesotrophic and especially oligotrophic compartments 

elsewhere in the Great Lakes basin. Indicators were not discussed, although there was an 

acknowledgement that endpoints should be considered. The fishable/drinkable/swimmable 

objectives in the Great Lakes Water Quality Agreement may be instructive.  

The breakout group did not address the question of underlying data quality and strength of 

evidence specifically. It was suggested that the mechanisms by which phosphorus leads to 

reduced toxics concentrations in fish is reasonably well studied. As noted earlier from a risk-

benefit perspective the relationship should not deter continued focus on phosphorus load 

reductions to Lake Erie, although there is a need to carefully communicate and manage 

expectations of the implications of P load reductions on PBT trends.  

As a general sentiment, the group felt that the importance of monitoring and surveillance needs 

to be elevated. A ‘marketing plan’ to promote the need for long-term monitoring could 

emphasize education and citizen science, affordable deployable sensors, and reinforce the 
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connection between the lakes and people. More specifically, enhanced monitoring of primary 

productivity is required, supplemented with fish age and growth rate monitoring. Monitoring 

coordination opportunities exist e.g., potential for improved utilization of data associated with 

fish consumption advisory programs.  

Additional research may be required to understand response times between P load reductions and 

PBT trends in fish tissue. Additional research is needed on chemical classes other than PBTs 

giving consideration to the chemical classes that are most likely to lead to ecological 

perturbations, temporal variability (e.g., ice cover season), spatial variability (e.g., position in 

water column), and mechanistic pathways (e.g., glyphosate impacts on algal growth, particularly 

eukaryotes). As knowledge of stressor interactions improves it should be applied through the 

adaptive management process. The Annex structure under the Agreement provides an 

appropriate institutional home and funding source for applying those understandings over time. 

Brief Summary of Stressor Pair 

Overall, the main relationship between toxics and nutrients is antagonistic. This is due to a 

number of potential mechanisms including increased organic matter burial due to higher 

productivity sorbing and sequestering toxics in sediment, as well as biomass dilution due to 

higher growth rates in fish and other organisms, among other factors.  

 Invasives and Nutrients (Dreissenid Mussels and Phosphorus) 
 

Mussels have dramatically changed the ecosystem and driven oligotrophication in the Great 

Lakes where they have become strongly established (Barbiero et al. 2012). Mussels likely trap 

and retain phosphorus in nearshore areas, thereby increasing benthic nutrient levels in shallow-

water locations (Hecky et al. 2004). As mussels increase water transparency and convert 

particulate phosphorus to soluble reactive phosphorus, they are also causing declines in offshore 

primary production and nutrient concentrations (Hecky et al. 2004; Cha et al. 2011; Stow et al. 

2014). The long-term trend toward more intense oligotrophy in Lake Michigan, Lake Huron, and 

Lake Ontario appears to be related to the aforementioned reduction in phosphorus concentrations 

in offshore waters (Dove and Chapra 2015). This low offshore productivity may be impacting 

the upper food web, where prey fish biomass has declined (Bunnell et al. 2014). Figure 13 shows 

a side by side comparison of relative Lake Michigan prey fish biomass compared to spring total 

phosphorus concentration.  
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Figure 13. Lake Michigan prey fish relative biomass estimates compared with spring TP (taken from the 

Declining Offshore Lake Productivity contractor report prepared for IJC). 

Phosphorus is an essential nutrient for the growth of plants and animals, yet the levels in these 

lakes are generally below target levels. The total offshore impacts of this nutrient trapping or 

“shunting” remain unclear, and are often difficult to distinguish from reductions in nutrient 

loading from tributaries. Additionally, quagga mussels are able to colonize soft sediments in 

deeper waters which could represent a permanent trapping mechanism for phosphorus, termed 

the “mid-depth sink” hypothesis by Vanderploeg et al. (2010). The redistribution of bioavailable 

phosphorus to the nearshore benthos (Ozersky et al. 2009), along with increased water clarity 

and light penetration due to mussel filtration, has also contributed to the expansion of 

macroalgae, particularly filamentous Cladophora, in some nearshore areas of Lake Michigan, 

Lake Huron, eastern Lake Erie, and Lake Ontario (Howell 2018). The net long-term impact of 

nearshore changes driven by mussels on offshore nutrient delivery and primary productivity, and 

the subsequent impacts to fisheries, is an area of active research in the Great Lakes. The 

interaction of nutrient loading and invasive mussels is generally antagonistic. The interaction 

results in an enhancement of conditions for some species (nearshore macroalgae) and a 

degradation of conditions for others (offshore fish), which creates a complex management 

environment when nutrient load reductions are considered in some settings. 

 

6.2.2.1 Workshop Case Study: Interactions of Invasive Mussel and Nutrient Stressors in 

Lake Michigan 

There is a need to consider nearshore and offshore habitats separately when examining nutrient 

and mussel interactions, as the nature of the interaction effect will vary. The end points need to 
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be specified regarding desired nutrient concentrations and impacts of mussels, given that 

nutrients can be both too high and too low for particular endpoints (e.g., fish diversity and 

productivity objectives). The need to examine effects seasonally as well as spatially was 

highlighted in group discussions, with special consideration of the variable paths of river plumes 

in three dimensions, to more fully understand interactions. Other factors that are important in 

understanding nutrient and mussel interactions are predation on mussels by round gobies, and 

mussel effects on water clarity and concentration of nutrients in sediments via pseudofeces 

production that promote nuisance algae. 

Management implications include consideration of the fact that localized mussel control 

approaches are needed; lake-wide control is not realistic. The nutrient ratios of P and N are an 

important consideration that goes beyond nutrient reduction alone. Mussels have also changed 

the trophic status in the lakes. In some lakes, specifically Michigan and Huron, the nearshore 

nutrient trap (or shunt) has led to significant oligotrophy in offshore regions. This has potentially 

impacted fisheries, whereby the limited productivity offshore leads to a reduction in fish biomass 

(Bunnell et al. 2014). Given this, we may need to manage differently than in the past, or even 

take an entirely new approach. For example, it may be appropriate to manage the system to 

enhance alewife production (alewife populations are in decline, likely due to in part to decreases 

in plankton) to increase prey biomass, which would be a complete reversal of prior alewife 

objectives.  

A major need for improved monitoring and surveillance in the near-shore areas was identified. 

Data trends need to be analyzed to re-calibrate/validate models. Tracking of dissolved vs. 

particulate phosphorous is needed in order to better assess bioavailability. Research needs 

include examining social conditions and understanding values placed on the system; the end 

goals must be identified.     

The group concentrated on the case study topic, but did mention other related stressors or 

responses such as excess macroalgae due to benthification and greater light penetration, food 

web impacts, invasive species impacts beyond mussels (e.g., round gobies), climate change 

influences on loading, and impacts on the fishery and associated management decisions. 

The group highlighted the importance of examining spatial congruence related to interactions, 

given that mussel-nutrient interaction produces opposite results in nearshore versus offshore 

waters (enhanced productivity nearshore, reduced productivity offshore). Patterns such as these 

may be common with other stressor pairs. 

The group agreed that mussels and nutrients were among the most important stressors in many 

parts of the Great Lakes. The group self-selected for this case study on Day 2, which likely 

indicated their disciplinary expertise and potential bias in evaluating the relative importance of a 

broader set of stressors. 

The strength of mussel-nutrient interaction across different aquatic environments and across 

different scales was discussed extensively, with special emphasis on nearshore to offshore 
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gradients, river plume dynamics, and seasonality of nutrient loading and mussel metabolism. The 

spectrum of interactions from Lake Superior (limited mussels, low nutrients) to Lake Erie (more 

eutrophic, variable mussel colonization by basin) was also discussed. 

The breakout group felt that the overall data quality and strength of evidence were sufficient to 

broadly characterize the nature of the stressor pair interaction, especially in offshore areas. The 

group stated that there was a need to improve nearshore research and monitoring to understand 

important process questions and to track impacts of management actions on the interaction of 

mussels and nutrients, as well as their food web and fishery impacts. More sophisticated analysis 

of nutrient ratios, of phosphorus and nitrogen speciation, and of three dimensional and seasonal 

dynamics of nutrient delivery around river plumes were also identified as areas that need 

research and monitoring attention. 

Brief Summary of Stressor Pair 

The relationship between mussels and phosphorus is one of the more widely researched 

interactions, and in general it is thought to be synergistic or additive (more phosphorus can 

produce more food for mussels). However, antagonistic interactions are also possible in some 

locations, where nutrient-induced seasonal hypoxia limits mussel abundance (e.g., the central 

basin of Lake Erie). Additionally, mussel feeding may sequester nutrients in sediment, reducing 

productivity and HABs, and the invasive Phragmites may also take up and trap nutrients in 

coastal areas.  

 Habitat Loss and Invasives: (Round Gobies and Wetland Loss)  
 

The invasion of gobies into the Great Lakes has been well studied but there are a still a number 

of uncertainties regarding its spatial distribution and intensity. Wetlands have long been 

considered more resistant to invasions due to their unique physico-chemical properties as well as 

their structural complexity (Chapman et al. 1996; Jude et al. 2006; Cooper et al. 2007). This is 

thought to be particularly true with respect to round gobies, who prefer rocky and gravel 

substances including artificial riprap (Ray and Corkum 2001). Uzarksi et al. (2005) studied 62 

coastal Great Lakes wetlands and found relatively few gobies (22 of 15,263 total fish) within the 

wetlands. A follow-on study was completed by Cooper et al. (2007), which examined round 

goby abundance within eastern Lake Michigan tributaries. The authors provided further evidence 

that wetland habitats are more resistant to goby invasion than lake habitat. The potential for the 

synergistic interaction between wetland loss and round goby invasion may be further exacerbated 

by the preference of gobies for riprap structures. Riprap has long been used in development 

projects to provide shoreline protection by dissipating wave energy. Therefore, coastal 

development (wetland loss) results in reduced native fish spawning habitat, and may also provide 

enhanced round goby habitat.  
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6.2.3.1 Workshop Case Study: Interactions of Invasives and Habitat Loss Stressors in the 

Lake Ontario Basin  

Many specific habitats, invasive species, and locations could be examined to explore the nature 

of this type of stressor interaction in the Great Lakes. Habitat can include aspects of tributary 

condition (dams, sedimentation, channelization), near-shore habitat (Cladophora abundance, 

sediment burial of natural coarse substrate, alteration of natural water level variability), deep-

water reefs (alewife predation at spawning sites), and more. However, Great Lakes wetland 

loss/degradation is among the most important concerns. In this context, stressor interactions may 

involve invasive plants such as Typha and Phragmites, and habitat modification may be due to 

water level change and shoreline hardening. Interactions likely vary spatially, among lakes and 

between wetland types such as lacustrine and river mouth wetlands, open shorelines vs.  

embayments, etc. Spatial variation strongly influences the context of any interaction between 

invasive species and habitat degradation. Wetland types vary spatially as do abundances of 

invasive species. Historical wetland loss also varies spatially. Water level stabilization is most 

pronounced in Lake Ontario. Shoreline hardening/ urbanization varies across wetland locations. 

Climate and possible climate change also are important to context.  

A literature review can establish which combinations of invasive species with habitat 

degradation are best documented. The breakout group identified a number of invasive species 

that may interact with habitat degradation, including plants (Typha, Phragmites) and fish 

(gobies, non-native salmonids, alewives). Invasion by infectious microbes was suggested as an 

under-appreciated category. A number of habitat types experiencing degradation were 

mentioned, including nearshore benthos, deepwater reefs, and shorelines, but wetlands (of 

various types) were considered of particular concern. Principal stressors causing wetland 

degradation were considered to be water level fluctuations (or stabilization) and shoreline 

hardening. The breakout group mentioned both large-scale water level fluctuations (as influenced 

by lake hydrological fluctuations) and local water level influences such as dikes and pumping.  

The breakout group pointed to the importance of establishing endpoints and identifying 

mechanisms to address this question. Endpoints should be measurable and something we care 

about. They may be population measures of any of the biota, or functional metrics, and at 

different levels of granularity (healthy fish assemblages vs. walleye harvest). Discussion did not 

resolve whether the effect on wetland habitat is synergistic or antagonistic between invasive 

species and habitat stressors such as water level change or shoreline hardening. Both were 

considered to have negative effects. Water level change was thought to exacerbate the influence 

of invasive species (so an interaction occurs), but not vice versa.  

The higher-level question of which stressor combinations are thought to be of greatest concern in 

the Great Lakes was not addressed in the breakout group, except within the narrower context of 

habitat X invasives, where a focus on wetlands (the endpoint), emphasizes invasive plants and 

water levels.  
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The breakout group did not address the question of the strength of stressor interaction across 

different environments and scales directly, but recognized that, even when narrowed to two 

stressor categories – invasive species and stressors causing habitat degradation – there are many 

possible individual combinations. Further narrowing to consider wetland habitats affected by 

invasive plants and water level fluctuations reinforces the importance of spatial and temporal 

considerations, and the difficulty of generalizing. Wetland types, the extent of historical loss, and 

exposure to threats vary within and among lakes. Water level fluctuations have basin-wide 

drivers (natural hydrologic variation and further influence of climate change) and local drivers 

(diking, pumping, shoreline hardening). Invasive plant spread is influenced by near-shore 

bathymetry and substrate. The short answer may well be that the question needs to be considered 

for any specific case, but lacks a general answer. The breakout group did not address scale of 

measurement.  

The breakout group did not address the question of underlying data quality and strength of 

evidence specifically. It was suggested that the mechanisms by which invasive plants and water 

level change influence wetland habitats is well studied. In addition, the breakout group felt that 

management actions were reasonably well understood. Water level management can be 

accomplished by allowing or creating natural fluctuations. Invasive plants can be managed by 

mechanical removal, chemical treatment, or burning. However, barriers to management exist, 

including homeowner and shipping concerns, and management of water levels is difficult in 

extreme years.  

Surveillance can be accomplished with existing methods for determining wetland plant 

composition using satellite data, assessing other community elements using fish surveys, and 

tracking water levels at monitoring sites. However, new surveillance techniques may be needed, 

as well as novel and more effective control techniques for invasive plants. There is a need to 

understand effectiveness of management and its societal acceptance, by context (wetland type, 

climate). Fish pathogens and their potential for magnification are under-studied. Management 

would also benefit from better understanding of how stressor impacts and interactions vary over 

space and time, affecting the frequency and context in which stressors potentially interact.  

Brief Summary of Stressor Pair 

As noted in the workshop breakout group, the interaction between habitat loss and invasive 

species is complex. In some instances, (e.g., gobies and wetland loss), it appears to be a 

synergistic interaction but in other instances the relationship may vary. Therefore, it important to 

consider context with respect to these two stressors, including the spatial and temporal variability 

among each individual stressor. 
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 Invasives and Climate Change (Mussels and Warming) 
The interaction between warming from climate change and invasive mussels has been a primary 

concern since the 1990s. Thorp et al. (1998), studied the survival and growth of mussels at three 

different temperatures to determine potential effects of warming. The authors concluded that, at 

lower latitudes, increases in temperature will lead to a reduction in dreissenids from increased 

stress and decreased growth potential (Figure 14). However, they surmised that more northern 

populations will benefit from the predicted climatic change and may extend their range to 

appropriate habitats in higher latitudes (Thorp et al. 1998). 

 

 

 

Figure 14. Average and maximum temperature for optimal growth and survival in quagga (LEQ) and zebra 

(LEZ) mussels (taken from Thorp et al. 1998) 

While zebra and quagga mussels have successfully colonized most of the Great Lakes watershed, 

offshore Lake Superior remains relatively unimpacted. Further, dreissenid densities continue to 

be minimal across most of Lake Superior (ECCC & USEPA 2017). The colder temperatures and 

limited nutrients have limited the widespread occurrence of dreissenids in Lake Superior (Figure 

7). However, higher water temperatures could permit increases in the populations of zebra and 
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quagga mussels (Moy et al. 2010, Huff and Thomas 2014). Changing water chemistry can also 

be important and may actually reduce the competitive advantage of some invasives. For 

example, as pH lowers, the saturation state of two forms of calcium carbonate will decrease, 

which is more energetically costly for calcifying animals such as dreissenids (Gregg et al. 2012). 

In addition to the potential greater presence of mussels in Lake Superior, warming potentially 

will increase the range of available habitat to other invasives of concern, including Asian carp, 

and may increase lamprey growth rates and fecundity (Hansen et al., 2016).  Kramer et al. (2017) 

recently mapped the suitability for potential invasive species in the Great Lakes. Suitability was 

higher in the lower lakes for the northern snakehead and golden mussel and increasing 

temperatures may further increase their potential for invasion in the southern limits.  However, 

warming may also create temperatures that are unfavorable for some invasives in shallow water 

or at southern limits in the Great Lakes.  For example, the invasive spiny waterflea, prefers 

cooler waters and may be limited by increasing temperatures (Pagnucco et al. 2015).  

 

Brief Summary of Stressor Pair 

In most cases, the addition of a warming climate to invasive species effects suggests at least an 

additive if not a synergistic relationship. Warming is likely to increase mussel growth rates and 

metabolism. While this is likely true in many scenarios, warming can also create temperatures 

that are unfavorable for some invaders, especially in shallow waters or at the southern limits in 

the Great Lakes, while expanding ranges to the north for cold-limited species. Further, the 

sequestration of carbon in peat by Phragmites can offset some atmospheric carbon fluxes 

(antagonism between warming and effects of invader), although this potential asset may be offset 

by an increased production of methane by invasive Phragmites (additive or synergistic 

interaction).  
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 Toxics and Climate Change (Organic Pollutants and Warming) 
The interaction of climate with POPs is complex, and climate warming may influence POPs in 

several ways. Climate change alters a number of environmental factors such as temperature, 

solar radiation, wind, and precipitation that can also alter the fate, transport, distribution and 

effects of POPs (Hooper et al. 2013, Balbus et al. 2013). For example, warming climate may 

increase microbial decomposition and the subsequent release of POPs from bottom sediments, 

increasing bioavailability for uptake (Yediler and Jacobs 1995) but in some cases it may increase 

the degradation of contaminants to less toxic more easily degraded molecules. Further, altered 

biotransformation of contaminants may lead to more bioactive metabolites although this is 

contaminant dependent. Warming temperatures may produce a minor reduction in POP exposure 

to aquatic biota because of enhanced partitioning from water to the atmosphere but can also 

increase bioaccumulation potential (Noyes et al. 2009). Figure 15 presents a representation of the 

influence of climate change on bioaccumulation at different scales. Temperature can affect 

several key fish processes including consumption, growth and respiration. It can also affect other 

key bioaccumulation processes including environmental (changing concentrations in media) and 

dietary exposure (changing predator-prey relationships) (Gouin et al. 2013).  

Ng and Gray (2011) forecasted the effects of climate change on bioaccumulation in three Great 

Lakes fish species that were adapted to three different thermal regimes. Fish are commonly 

grouped into thermal guilds, where each guild represents a different temperature preference for 

optimal growth. Warm-water fish generally do well in waters up to 30°C, cool-water fish up to 

Figure 15. Global climate change scenarios on bioaccumulation and uptake in fishes (from Gouin et al. 

2013) 
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the mid-20°Cs and cold-water fish below 20° (Eaton and Scheller 1996). The Great Lakes is 

unique in that it is host to fish across all three temperature guilds and it’s not uncommon for fish 

in the Great Lakes to live at the edge of their thermal range at sub-optimal temperatures (Lynch 

et al. 2010). As expected, warmer temperatures tended to limit growth potential for cold water 

species, whereas cold water limited growth for the warm water species. The impact of climate 

warming on growth depended on both the winter lows/duration and the summer highs in 

combination with the species’ thermal limits. While changes in consumption, respiration and 

growth will all impact bioaccumulation, understanding thermal sensitivities will be important to 

understanding implications of bioaccumulation from warming (Ng and Gray 2011).  

In general, the strength of the interaction between climate and toxics may depend on more than 

just the exposure to the contaminant but also the susceptibility of the individual or population 

which is being exposed (Schiedek et al. 2007). In addition, as mentioned above, with many Great 

Lakes species living at the edge of their thermal range, any additional climate enhanced 

exposures to toxics may further hinder the ability of organisms to acclimate to their environment 

(Noyes et al. 2009).  

Brief Summary of Stressor Pair 

A number of changing climate variables (precipitation, temperature, ice and snow cover) can 

also alter the fate and behavior of toxics (Macdonald et al. 2005). However, the complexity of 

this relationship is due not only to these abiotic processes but also a wide range of potential 

biotic responses. The interaction type and intensity may vary across toxics and geographic 

ranges.  

 Toxics and Habitat Loss (Mercury and Wetland Loss) 
Biological productivity and diversity in the Great Lakes are generally known to be concentrated 

in the coastal zones, particularly within wetlands. They provide sites for many critical life history 

needs for species inhabiting or migrating through the basin (Pearsall et al. 2012, 2013, 

Vadeboncoeur et al. 2011). Macrophytes which make up the base of the wetland biomass play 

important roles in the biogeochemistry of contaminants (Weis and Weis 2004). They actively 

take up elements into plant tissue which can lead to the immobilization of particular 

contaminants (e.g., metals). For this reason wetlands are often considered “sinks” and are 

frequently constructed to prevent pollutants from moving into nearby water bodies. However, 

anthropogenic activities, such as land-clearing and drainage for agriculture, and the filling of 

wetlands to permit coastal development, have resulted in the historical loss of Great Lakes 

wetlands (Trebitz et al. 2009). The removal of these wetlands often re-mobilizes the stored 

contaminants and leads to a substantial inputs of contaminants to the water body. 

While wetlands can play a beneficial role in sequestering contaminants, they can also be sources 

of methylmercury production and export. Wetlands, especially those rich in organic matter, are 

important sites of methylmercury (MeHg) production as the biogeochemical conditions common 

to wetlands facilitate methylation (Selvendiran et al. 2008; Figure 16). 
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Figure 16. Mercury methylation in wetlands (from USGS lecture by Lisamartie Widham-Myers, June 30 

2016) 

Under certain conditions mercury is converted from a relatively inert form to a potentially more 

toxic and bioaccumulative form. A number of studies have identified wetlands as a sink for total 

mercury (THg) but a net source of MeHg (Driscoll et al. 1998, Grigal et al. 2000; Brahmstedt et 

al. 2019).  

Brief Summary of Stressor Pair 

The above example highlighted how the most common interaction between toxics and wetland 

loss is likely additive/synergistic, but it can also be antagonistic. Wetlands are a net source for 

MeHg and in some cases filling of coastal wetlands can cap toxics in industrial areas such as 

river mouths and harbors, an antagonistic interaction. 

 Climate Change and Nutrients (Precipitation and Phosphorus) 
Harmful algae blooms, a widespread concern in the Great Lakes, are primarily driven by nutrient 

loadings. Given that this loading is a product of both river flow and concentrations in river water, 

climate change is predicted to have a significant impact on this loading, both recently and into 

the future (Stow et al. 2015). Given that the most dramatic climate alterations (e.g., increase in 

precipitation and runoff) will happen during periods characterized by intensive agricultural 

activities (e.g., tillage and application of fertilizer and manure in the spring), climate may play a 

significant role in increased nutrient loadings. Figure 17 shows a significant increase in extreme 

precipitation events from 1970 through 2010, closely matching an increase in overall dissolved 
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reactive phosphorus loads to the Lake Erie watershed (see also Stow et al. 2015). The conclusion 

that climate change may intensify the negative impacts of eutrophication was also the finding of 

a national study of harmful algal blooms (Chapra et al. 2017).  

 

 

Figure 17. The upper panel shows the number of extreme weather events over four decades and the bottom 

shows three dissolve reactive phosphorus load scenarios in the same Lake Erie watershed (taken from 

Daloglu et al. 2012).  

 

Brief Summary of Stressor Pair 

In general, it is expected that wetter springs, greater nutrient loading, and warmer and longer 

summer seasons will favor more intense algal blooms, stratification and hypoxia. These are 

likely examples of a synergistic interaction, however antagonism is also plausible. For example, 



Stressor Interactions in the Great Lakes  February 4, 2019 

 

45 | P a g e  

 

warmer winters could lead to less snowmelt and spring discharge, thereby reducing nutrient 

loads.  

 Climate Change and Habitat Loss (Warming and Wetland Loss) 
As summer temperatures continue to warm and the length of the growing season and ice-free 

periods increases, conditions in wetlands may favor invasives such as Phragmites (Mazur et al. 

2014), and further decrease the amount of coastal wetland area with native vegetation in the 

Great Lakes. Warming without corresponding increases in precipitation would decrease water 

levels, increase growing season, and potentially increase wetland area. The most opportunistic 

species, however, such as Phragmites, are likely to colonize bare sediment exposed during low 

water periods (lower edge) or shortly after high water periods (upper edge) more rapidly than 

native plants. This has been simulated for the St. Lawrence River wetlands (Tougas‐Tellier et al. 

2015) with potentially dire consequences for native wetlands. This also presents a challenge for 

wetland restoration, 

The tolerance of Phragmites for harsher and more variable conditions than many native wetland 

plants gives them an advantage under climatic conditions that are more extreme in terms of 

temperature, hydroperiod, and other factors (Pagter et al. 2005). The loss of native wetland area 

by physical alteration places more remaining wetland closer to the limit of its viability. As 

environmental conditions become increasingly extreme due to climate change, coastal wetlands 

have less margin to respond to stresses. Coastal wetlands that may have become fragmented and 

isolated by alteration could become reconnected briefly by high or low water, or pumping and 

water diversion, allowing seeds and propagules of invasives to move to new areas while these 

climate-induced invasion pathways are open. 

Brief Summary of Stressor Pair 

In general, it is expected that climate change will further stress native wetlands in the Great 

Lakes that have already been reduced in area by human alteration and invasive species. More 

variable and extreme climate and water level conditions favor opportunistic invaders, which may 

be able to colonize new habitats during brief intervals of favorable and extreme conditions. Great 

Lakes coastal wetlands have become quite well monitored and the focus of extensive restoration 

efforts under the Great Lakes Restoration Initiative 

(https://greatlakeswetlands.org/Home.vbhtml). 

 Nutrients and Habitat Loss (Phosphorus and Wetland Loss) 
A number of studies have shown that most wetlands retain sediment, nutrients, and toxic 

contaminants or transform the nutrients and toxins into less bioavailable or less harmful forms. 

In particular, wetlands have a high capacity to retain nutrients (e.g., phosphorus) helping to limit 

excessive P concentrations in surface waters (Zedler 2003; Dunne et al. 2015). A recent review 

by Currier et al (2017) examined the highly effective utilization of wetlands for phosphorus 

reduction in the Great Lakes. Phosphorus cycling in wetlands is complex and inorganic and 

https://greatlakeswetlands.org/Home.vbhtml
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organic P forms cycle through wetlands in different ways (Reddy and DeLaune 2008). Figure 18 

shows key processes (abiotic and biotic) involved in the phosphorus cycle, including the 

incorporation of P into plant biomass, as well as sedimentation and accretion (Currie et al. 2017). 

 

Figure 18. Phosphorus cycling in wetlands (taken from DeLuane and Reddy 2008). P = phosphorus, IP = 

inorganic phosphorus, DIP = dissolved inorganic phosphorus, DOP = dissolved organic phosphorus, PIP = 

particulate inorganic phosphorus, POP = particulate organic phosphorus. 

Within Lake Erie, wetlands often act as partial sinks or transformers of nutrients and could be an 

important factor in mitigating eutrophication in the western basin of Lake Erie. However, the 

loss of wetlands mobilizes these nutrients back into the surface waters. Research has shown that 

creating or restoring wetlands can be an effective tool in minimizing nutrient inputs to the water 

body. A recent review by Lan et al. (2016) examining 203 freshwater wetlands found that on 

average, new and/or restored wetlands significantly reduced the transport of nutrients (total 

phosphorus and total nitrogen) and could be an effective tool in counteracting eutrophication. 

Although the effectiveness did vary depending on a number of variables such as wetland area, 

loading rates, and temperature among others. 

Brief Summary of Stressor Pair 

Wetlands can be highly effective at trapping excess nutrients and decreasing excessive loads to 

water bodies. However, reduction in wetlands can potentially lead to enhancement of harmful 

algal blooms and bottom hypoxia due to reduction in nutrient trapping. Studies on this stressor 

pair interaction in the Great Lakes remain limited, but it is anticipated that the relationship is 

synergistic, with wetland loss exacerbating the negative effects of excessive nutrient loads.  
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  Climate Change and Pathogens (Precipitation and Pathogens) 
There is a strong connection between rain events and the amount of pollutants entering the Great 

Lakes via tributary runoff and conveyance infrastructure (Patz et al. 2008). Urban stormwater 

and sewer overflows introduce significant contaminant loads each year and are considered major 

sources of impairment in the U.S. (Marsalek and Rochfort 2004). Many of these contaminants 

have been linked to adverse public health effects including exposure to fecal indicator bacteria 

(e.g., E. coli), pesticides, and viruses (Haile et al. 1999). Animal wastes from agricultural sources 

are another important source of pathogens in surface water. The impact of stressor interactions 

on human health was not a focus of this study, but the IJC Health Professionals Advisory Board 

commissioned a separate contractor study that examined this topic in more detail (LimnoTech 

2019; see also McLellan et al. 2018). The fish pathogen, VHS, is discussed in Sections 6.1.6 and 

6.2.6 above. 

Elevated levels of bacteria are one of the most common causes of water quality impairments in 

the Great Lakes watersheds (USEPA 2004). This is because stormwater contaminated with 

sewage can increase the levels of presence of human bacteria and viruses in surface waters (Dila 

et al. 2018) and within the Great Lakes tributaries storms have been shown to increase pathogens 

by several orders of magnitude (Templar et al. 2016, McLellan et al. 2018).  

 

Figure 19. A map showing the transect from Milwaukee, WI, USA waterways into nearshore Lake Michigan. 

The colors represent changing signals of human fecal indicators during different weather periods (taken from 

Newton et al. 2013). 

While many of these pathogens die or are heavily diluted by the time they reach the open waters 

of the Great Lakes, Newton et al. (2013) tracked the contamination up to 3 km offshore 

following heavy rains and up to 8 km offshore after a sewage overflows (Dila et al. 2018) 

(Figure 19). Increases in heavy rainfall, warmer lake water and lowered levels are all expected to 

contribute to increased contamination by overwhelming the combined sewer systems and 

increased storm runoff.  

Brief Summary of Stressor Pair 
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In most cases it is expected that climate change induced impacts (e.g., increased rain events) will 

contribute to additional negative effects (e.g., increased pathogens). Whether this is an additive 

or synergistic interactions remains uncertain, as research specific to this stressor interaction is 

limited. While less common, antagonistic interactions are probable. For example, some 

pathogens do not survive at increased temperatures (e.g., VHS) and so climate induced warming 

could contribute to a decline in the negative consequences to fish. 

 

  



Stressor Interactions in the Great Lakes  February 4, 2019 

 

49 | P a g e  

 

  Invasives and Fish Harvest (VHS and Fish Harvest) 
Invasives can reduce native fish populations thereby further impacting fish harvest regulations. 

While lake trout have been historically subjected to overfishing, the invasive sea lamprey has 

also caused significant damage to this species (Elrod et al. 1995). While non-native lamprey 

impacts are among the best studied examples that impact Great Lakes fisheries, viral 

hemorrhagic septicemia (VHS) also presents an interesting case study. VHS was first diagnosed 

in the Great Lakes as a cause for fish kills in 2005, but has since been detected across all lakes. 

While a wide range of fishes have been impacted by VHS (Figure 20), the susceptibility varies 

across species. For example, Kim and Faisal (2010) found that, in general, cool-water fish 

species (e.g., muskellunge, largemouth bass, yellow perch) are likely more susceptible to the 

virus than are cold-water salmonids.  

 

Figure 20. Timeline of VHS detected in multiple fishes in Wisconsin waters https://dnr.wi.gov 

Muskellunge have historically been in decline within the Great Lakes, attributed to overharvest 

and environmental degradation (Farrell et al. 2007). While improved habitat and stricter 

regulations have improved muskellunge population health (Turnquist et al. 2017), exploitation 

can still be high in some populations. For example, Michigan DNR noted that there was a 36% 
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exploitation rate in Elk and Skegemog lakes (inland lakes in Michigan) over a one year period.  

 

In the St. Lawrence River from 2005-2008, a significant die-off of muskellunge occurred 

concomitant with an outbreak of VHS. Interestingly, another invader, the round goby, also 

increased during this time period. Both perturbations have been strongly correlated with a 

significant decline in muskellunge population (Figure 21) (Farrell et al. 2017). Muskellunge are 

apex predators and a highly sought sports fish, subject to several stressors, and VHS likely 

exacerbates harm to this species via a synergistic interaction. 

 

Brief Summary of Stressor Pair 

Fish harvest can be impacted by a number of variables, including other stressors like invasives, 

climate and habitat loss. The above example highlighted a likely synergistic interaction but 

antagonistic interactions are also possible. For example, in some instances an invader can 

improve a local fishery or lead to a reduction in fishing pressure (e.g., zebra mussels leading to 

Figure 21. Catch per unit effort of Muskellunge over a 20-year period in the St. Lawrence River. 
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HABs). Still, synergistic interactions or additive effects are the most likely when considering 

overfishing and other stressors. 

 

 INTEGRATION AND MANAGEMENT IMPLICATIONS 
Here we attempt to integrate some of the information contained in the case studies above and to 

explore implications for management in light of insights gained about interactions. The 

discussion considers variability and trends in stressor pair interactions, science needs, 

management implications and actions, and policy priorities. Given the relatively small number of 

research studies on stressor interactions in the Great Lakes that have been conducted to date 

(Smith et al. 2019), this synthesis necessarily requires some extrapolation and hypothesizing 

beyond what is well constrained by the existing published literature. 

 Spatial and temporal variability in stressor pair interaction 

When considering interactions of stressors, an important factor to evaluate is the variation in 

their occurrence that dictates (1) the possibility, and (2) the intensity of their interactions; spatial 

and temporal variability are both important. Although not well studied, it is expected that 

localized interactions follow the intensity of each individual stressor. The intensity of many 

stressors appears to drop off with distance from the shore and distance from urban areas (Allan et 

Figure 22. Spring total phosphorus concentrations for the Great Lakes, showing elevated areas in several embayments, 

including Saginaw Bay, as well as in western Lake Erie, and along northwestern and southern shorelines of Lake 

Ontario. Note that data for Green Bay are not collected or reported from these sources. Reproduced from ECCC and 

USEPA (2017), incorporating 2013 and 2014 data from ECCC (Dove and Howell) and USEPA (Osantowski). 
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al. 2013; Figure 22 and Figure 23), or distance from the mouths of larger tributaries (Robertson et 

al. 2018; Host et al. 2019). For example, increased precipitation leads to higher loadings of 

nutrients, pathogens, and toxics at outlets of agricultural and urban watersheds, and where urban 

storm drains and combined sewer outfalls occur. Further, most nonpoint-source loading occurs 

during large runoff events, which are more common during the spring and early summer.  

Because individual stressors vary both temporally and spatially, their interactions will likely vary 

across both scales. It is reasonable to assume that many stressors would have the greatest 

opportunity to interact in nearshore areas and shallow embayments, such as Maumee Bay or 

Sandusky Bay in Lake Erie, with long water residence times and elevated summer temperatures 

(Verhamme et al. 2016; Salk et al. 2018). In addition, many stressor interactions, and potentially 

their impacts, could be seasonally amplified, whether by warm summer temperatures and lake 

stratification, by interaction with organisms during particular life cycle stages (e.g., nesting, 

spawning), or during vulnerable periods (e.g., end of winter, or during migration). Temporal 

coincidence of stressor occurrence and potential interactions could reasonably be expected to be 

greatest in spring and summer during periods of high river flow and high water temperature. The 

GLEAM additive stress map (Figure 23) shows the spatial intersection of multiple stressors 

(orange and red colors). The color scale is based on an assumption of additive interactions and 

normalized stressor values. 

Based on our understanding of the spatial variability of stressors within the Great Lakes region, 

Table 5 lays out ideas about where we would most expect each stressor pair to interact (or not 

interact), along with notes and related data sources or references. The interactions themselves 

could be in either direction. Note that research to demonstrate the reality or magnitude of these 

Figure 23. Cumulative stress map from multiple stressors. 
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interaction hypotheses is lacking in most cases. Particular stressor pairs would be expected to 

interact differently in each lake, and the within-lake patterns would reflect the spatial complexity 

of driver distribution. For example, the nearshore–offshore trend applies to both Lake Erie and 

Lake Superior (Figure 23), but because additive stress is much greater in Erie and the lake itself is 

smaller, the gradient is less distinguishable. These proposed interaction patterns may merit 

further research. 

 

Table 5. Hypothetical spatial variability of stressor pair interactions across the Great Lakes region. 

Stressor 

Pair 

Greatest Potential 

Spatial Interaction 

Least Potential  

Spatial Interaction 
Notes and References 

Habitat 

Loss and 

Invasives 

Near developed 

land and natural 

coastal wetland 

areas, especially 

near boat launches 

Where natural climate, 

geomorphology, native 

plant allelopathy (e.g., 

Typha) or other conditions 

are unfavorable for 

colonization by invasives 

Mazur et al. 2014, GLANSIS 

Information portal 

Invasives 

and Climate 

Change 

Connecting 

channels, river 

mouths, shallow 

bays and nearshore 

in lower lakes 

Where annual variability is 

lowest and productivity is 

lowest (deep water, 

oligotrophic L. Superior and 

offshore waters of 

Michigan, Huron, E. Erie, 

Ontario) 

Collingsworth et al. (2017); 

GLANSIS watch list  

Invasives 

and 

Nutrients 

Near ports in 

embayments and 

nearshore areas of 

lower lakes 

Least direct effect in 

offshore areas and most of 

Lake Superior (but indirect 

effect of nearshore shunt), 

also see bloom impacts of 

recent extreme rainfall 

events in L. Superior; 

hypoxic area of L. Erie (no 

mussels) 

Main effect is from dreissenid 

mussels, Rowe et al. (2015); 

Karatayev et al. (2017) 

Toxics and 

Climate 

Change 

Urban areas, ports, 

connecting 

channels, and 

tributaries 

Least developed areas and 

in deep water, except where 

atmospheric sources exist 

(Hg) 

This interaction is complex 

and dependent on which 

toxics are being considered, 

the biota involved, and the 

timescale of interest, as both 
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Stressor 

Pair 

Greatest Potential 

Spatial Interaction 

Least Potential  

Spatial Interaction 
Notes and References 

positive and negative 

interactions exist 

Toxics and 

Nutrients 

AOCs and areas 

impacted by 

agricultural and 

urban runoff, and 

wastewater 

Least developed areas with 

little input of toxics or 

nutrients (open Lake 

Superior and Lake Huron) 

NOAA Mussel Watch 

Program 

(ftp://ftp.library.noaa.gov/noa

a_documents.lib/NOS/NCCO

S/TM_NOS_NCCOS/nos_nc

cos_180.pdf ) 

Toxics and 

Habitat 

Loss 

AOCs and wetlands 

around shallow 

bays and 

connecting 

channels 

Least developed lakeshore 

areas outside of 

embayments and river 

mouths, especially with 

forested watersheds 

NOAA Restoration Center 

https://www.fisheries.noaa.go

v/tags/great-lakes-restoration-

initiative 

Climate 

Change and 

Nutrients 

Eutrophic 

embayments and 

basins impacted by 

agricultural runoff 

Offshore and least 

developed lake areas (e.g., 

Lake Superior, although 

Superior is warming 

rapidly) 

GLWQA Annex 4 and 

Domestic Action Plans 

https://binational.net/annexes/

a4/ 

Climate 

Change and 

Habitat 

Loss 

Urban areas and 

around river 

mouths with 

agricultural 

watersheds 

Least developed nearshore 

lake areas with steep 

shorelines (i.e., least 

horizonatl variation in 

shoreline position and 

coastal habitat area with 

water level change, even 

with bluff or dune erosion) 

Coastal Wetland Monitoring 

https://www.greatlakeswetlan

ds.org/Home.vbhtml 

Nutrients 

and Habitat 

Loss 

Urban areas and 

around river 

mouths with 

agricultural 

watersheds 

Oligotrophic lake basins 

and least developed 

nearshore lake areas  

Cooper et al. (2016) 

Climate 

Change and 

Pathogens 

Urban areas and at 

river mouths of 

agricultural 

watersheds with 

large numbers of 

livestock 

Undeveloped and offshore 

areas, especially in upper 

Great Lakes 

IJC Centennial Study bacteria 

Work Group report 

(LimnoTech, 2019)  

ftp://ftp.library.noaa.gov/noaa_documents.lib/NOS/NCCOS/TM_NOS_NCCOS/nos_nccos_180.pdf
ftp://ftp.library.noaa.gov/noaa_documents.lib/NOS/NCCOS/TM_NOS_NCCOS/nos_nccos_180.pdf
ftp://ftp.library.noaa.gov/noaa_documents.lib/NOS/NCCOS/TM_NOS_NCCOS/nos_nccos_180.pdf
ftp://ftp.library.noaa.gov/noaa_documents.lib/NOS/NCCOS/TM_NOS_NCCOS/nos_nccos_180.pdf
https://www.fisheries.noaa.gov/tags/great-lakes-restoration-initiative
https://www.fisheries.noaa.gov/tags/great-lakes-restoration-initiative
https://www.fisheries.noaa.gov/tags/great-lakes-restoration-initiative
https://binational.net/annexes/a4/
https://binational.net/annexes/a4/
https://www.greatlakeswetlands.org/Home.vbhtml
https://www.greatlakeswetlands.org/Home.vbhtml
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Stressor 

Pair 

Greatest Potential 

Spatial Interaction 

Least Potential  

Spatial Interaction 
Notes and References 

Fish 

Harvest and 

Invasives 

Offshore areas of 

deeper lakes or 

basins (impacts on 

fish food supply) 

subject to 

commercial and 

charter boat 

harvest, vulnerable 

to nearshore 

nutrient shunt from 

mussels and 

offshore lamprey 

pressure 

Remote nearshore areas 

where harvest is less intense 

and mostly recreational, 

total biomass is greater than 

offshore, and round gobies 

serve as prey fish but avoid 

nursery wetlands; nearshore 

fishery is overall more 

resilient 

Managed by fish stocking, 

catch limits, and lampricide 

treatments in tributaries, 

Bunnell et al. 2014 
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 Trends in priority stressors that may influence interactions 

Changes over time have been observed in many Great Lakes stressors, which, in turn, would be 

expected to influence their interactions as well. Many stressors have been stabilized or put into a 

declining state by human actions. Examples of mostly stable, declining, or prevented stressors 

include several invasive species (e.g., lamprey, mussels, Asian carp); fish overharvesting; point 

source and particulate phosphorus nutrient loading (but not dissolved phosphorus); pathogens in 

treated wastewater, mitigated CSOs, and drinking water; wetland habitat destruction; and toxics 

in sediment and biota.  

Stressors or undesirable conditions that may not fit the description of stable or declining include 

Phragmites occurrence, climate change, and dissolved phosphorus loading in some embayments, 

Cladophora areal coverage (maybe), and emerging contaminants. Many of the stressors that are 

stable or declining require continuing investment to maintain that status (e.g., lamprey control) or 

to prevent the appearance of new stressors (e.g., new invasives), including ongoing investment in 

monitoring programs and in enhancement of policy frameworks, development of effective 

regulations, and synchronization of regulations across state, provincial, and international 

boundaries.  

Others stressors have declined but remain concerns, and full understanding of the rates and 

processes involved is lacking. This includes drivers of fish consumption advisories due to the 

presence of persistent organic pollutants (e.g., PCBs, PDBE, PFAS; Figure 24) as well as 

mercury. Visha et al. (2018b) assessed PCB trends in 11 species of Great Lakes fish and 

concluded that invasive mussels, round gobies, nutrient loading, and climate change may play 

important roles in PCB cycling trends. 
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Figure 24. PCB trends in Great Lakes fish. 

 Management and policy implications of stressor interactions 

Although generalizing about stressor interactions and management is challenging, there are still 

practical applications of the concept at finer levels of detail. Because of the relative paucity of 

data on stressor interactions in the Great Lakes and the scarcity of information regarding explicit 

management consideration of stressor interactions, it may be premature to quantitatively consider 

stressor interactions separately from management of individual stressors in achieving the broad 

goals of ecosystem protection and restoration. Most of the research described previously 

suggests that non-additive stressor interactions (synergistic or antagonistic) may be collectively 

more common than additive interactions. Therefore, there may be an advantage to treating 

stressors more holistically in many cases, even if the exact nature of their interactions is unclear.  

Because of the co-occurrence of stressors in developed areas that also commonly host Areas of 

Concern, multiple stressors are already being managed simultaneously in these settings, and 

within a beneficial use or ecosystem services context that integrates stressors in terms of their 

ecosystem impacts. Multiple components of the Great Lakes fishery that interact are already 

carefully managed including lamprey control, fish stocking, and regulation of harvest seasons, 
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species-specific fish quantity and size, and geographic location of harvest (e.g., Bunnell et al. 

2014), with some explicit consideration of their interaction. 

The stressor pair case studies examined in the project workshop provide informative tests of the 

application of stressor interaction to management approaches. The workshop group that 

discussed the nutrients-toxics pair highlighted a widely antagonistic interaction whereby 

increased nutrients can reduce contaminant concentrations in upper trophic levels due to higher 

growth rates of fish and biomass dilution of toxins. This demonstrated the importance of 

considering secondary impacts of management of a single tressor. The nutrients-invasives pair is 

one of the more thoroughly studied interactions in the Great Lakes. The associated workshop 

group highlighted the importance of spatial and temporal considerations when examining 

stressor interactions, which has obvious management impacts. The invasive-habitat loss pair 

group also discussed the importance of contextual considerations, whereby even when narrowed 

to two stressor categories – invasive species and stressors causing habitat degradation – there are 

many possible individual combinations. Further narrowing these stressors to consider wetland 

habitats affected by invasive plants and water level fluctuations reinforces the importance of 

spatial and temporal considerations of stressor interactions in management decisions, and the 

difficulty of generalizing about interactions across stressor subcategories and scales.  

Although not developed extensively in the pairwise consideration of stressor interactions in this 

study, an argument in favor of intensified investment in research on stressor interactions, and on 

development of management approaches that explicitly consider interactions, is the recognition 

that ecosystem responses to both individual stressors and interacting stressors may be non-linear 

(e.g., Horan et al. 2011; http://www.tippingpointplanner.org/). That is, ecosystems can be pushed 

beyond tipping points, which are often not known in advance and even potentially unknowable 

or at least difficult to predict. Beyond the tipping points, decline may accelerate due to feedback 

loops and reversal may be substantially more difficult than prior to passing the tipping point, or 

even impossible, due to hysteresis effects (Bails et al. 2005).  

The rate of ecosystem recovery as a result of restoration activities may also be non-linear in 

some cases, with potentially positive consequences (e.g., Olds et al. 2012). Recent attention in 

ecosystem management discussions has highlighted the goal of enhancing ecosystem resilience 

in light of ongoing threats from multiple stressors (Glick et al. 2011), and enhancing ecosystem 

services (Steinman et al. 2017). This approach does not ignore stressors, but considers them in 

light of an ecosystem’s ability to withstand them, with growing employment of an explicit 

learning framework required by active adaptive management (e.g., U.S. Action Plan for Lake 

Erie, https://www.epa.gov/sites/production/files/2018-03/documents/us_dap_final_march_1.pdf). 

At this point in our understanding of stressor interactions in the Great Lakes, it is unclear 

whether traditional stressor-by-stressor management versus more holistic and complex 

management of stressors within an explicit interacting framework will be more beneficial. The 

underpinnings of the holistic approach, even if theoretically more desirable, are not currently 

http://www.tippingpointplanner.org/
https://www.epa.gov/sites/production/files/2018-03/documents/us_dap_final_march_1.pdf
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adequate for practical implementation, so there may be no real choice available at present. This 

situation may shift in the future as the results of further related research become available.  

 Programmatic needs to support science priorities 

In order to continue to improve understanding of the status of Great Lakes ecosystem stressors 

and the processes that drive their interaction, it will be necessary to continue to monitor these 

systems closely and to perform research to understand system function. Continued support or 

expansion of associated laboratory and field experimentation, monitoring, data management, and 

modeling programs, including both conceptual and numerical modeling, are necessary to 

advance informed adaptive management of Great Lakes ecosystems in the face of multiple 

stressors. A variety of federal, Indigenous, state, provincial, academic, non-governmental, and 

other organizations perform this monitoring and research. These organizations need stable or 

increased funding to support their monitoring and research programs, including shore-based and 

vessel-based facilities, and the staff to carry out their work. Continued investment in training the 

next generation of Great Lakes field and laboratory scientists, engineers, and data managers is 

also essential. This may take the form of enhancement of existing strong programs and 

organizations, as well as development of new centers of excellence where emerging technologies 

can be adapted to Great Lakes applications (e.g., drones, autonomous underwater vehicles, and 

other new surveying platforms). 

Some specific research questions and monitoring priorities identified in or derived from stressor 

pair case studies above (Section 6) include the following: 

 What is the extent of dreissenid mussel and round goby colonization in the Great Lakes, 

how are these changing, and how important is mussel predation by gobies in their mutual 

occurrence and spread? 

 What are the seasonal nutrient loads from major Great Lakes tributaries, how are they 

changing, and what are the most important factors driving the changes? 

 How is removal or isolation of legacy toxics from Great Lakes sediments impacting 

benthic communities and the upper food web? 

 Can climate change impacts on pollutant loading, invasive species colonization and range 

expansion, and coastal wetland habitat be predicted? How can future impacts be 

mitigated in ecosystem management? 

 Is coastal wetland protection and restoration having quantifiable effects on related 

ecosystem health, including fish recruitment and wetland biodiversity? 

 How can broader ecosystem understanding, including growing information on nutrient 

and toxics loading and cycling, be better incorporated into fishery management?  

 How are human and fish pathogens influenced by other stressors including climate 



Stressor Interactions in the Great Lakes  February 4, 2019 

 

60 | P a g e  

 

change and nutrient loading? 

Although active monitoring and research programs are addressing some of these questions, 

continued investment in two particular areas is a priority: (1) improved management and 

integration of data that efficiently and timely puts information on stressor and affected ecosystem 

status in forms that support management decisions, and (2) creation and maintenance of 

operational models that accurately simulate ecosystem processes and states under multiple 

interacting stressors, as well as likely or possible future stressor scenarios.   

 Management actions needed to mitigate impacts of priority 

stressor interactions in the Great Lakes 

Management actions needed to mitigate impacts of priority stressor interactions in the Great 

Lakes include investments to prevent or rapidly respond to new occurrences of invasive species, 

continued programs to reduce sources of chemicals and remediate legacy toxins, sustained and 

targeted investment in non-point nutrient control, coastal habitat restoration, surveillance of fish 

and bird pathogens, and integrated management of fish stocking and harvest. Programs to 

address multiple stressors that occur in the same locations, such as remediation of Areas of 

Concern, are likely to reduce stressor interactions as well. This is particularly true when such 

areas (e.g., connecting channel reefs and islands) are also occupied during critical times, such as 

spawning periods for fish or nesting seasons for birds. Resources should be targeted toward 

interactions that are either best understood, most urgent to address, or most amenable to 

management. Adaptive management will require ongoing assessment of how understanding of 

stressor interactions has changed with additional research and practical knowledge gained from 

management actions that have produced unexpected results, either positive or negative. 

 Summary and discussion 

This study finds evidence that multiple stressors often co-occur, and may interact in ways that 

can enhance or offset the impact of a primary stressor on valued components of the Great Lakes 

ecosystem. Cumulative stress is important, but is not easily determined due to the complexity of 

interactions when they occur, and the spatial and temporal variability in stressor co-occurrence. 

The potential for stressor interactions to influence ecosystem status merits consideration in 

research, monitoring, management, and policy decisions regarding the Great Lakes. However, 

this recommendation simply highlights the need for attention to this issue, and does not indicate 

a need for special programs or investments beyond the existing infrastructure, organizations, and 

governance systems that exist in the Great Lakes. Although existing reviews indicate that a 

majority of stressor interactions may be non-additive (see Figure 2 above), process 

understanding is insufficient in many cases to quantitatively inform management decisions or 
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policies. Fishery management is among the most sophisticated spheres of human intervention in 

Great Lakes ecosystems, and it already incorporates some consideration of stressor interactions.  

The most pervasive stressor that may merit more specific consideration in terms of its interaction 

with other stressors is climate change in all its manifestations: ice cover, warming, stratification, 

wind patterns, and precipitation locations and intensity. A special challenge here is that natural 

variability in the region is so great that climate change signals are difficult to extract from even 

fairly long-term datasets, and the resulting stressors are difficult to mitigate even where the 

trends can be extracted. Climate change is expected to manifest more strongly over time, which 

may increase the intensity of that signal in the future. Given the global nature of climate change 

drivers, regional management of climate change per se is not a viable option to ameliorate 

impacts in the region, despite the incremental value that actions to reduce regional contributions 

to global climate change may have. The best approach may be to explicitly consider how climate 

change may impact the natural variability in lake levels, storms, droughts, and heat waves over 

time, and to manage wherever possible with an eye toward enhancing resilience in the face of 

these stresses (e.g., Collingsworth et al. 2017).  
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 FINDINGS, GAPS, AND RECOMMENDATIONS 
Here we summarize the results of this study of the importance of stressor interactions in the 

Great Lakes. 

Findings: 

 Aquatic stressor interaction studies have yielded variable results that do not support 

generalization across ecosystems and geographies. For example, a recent review of stressor 

interactions within the Great Lakes showed that synergistic and antagonistic interactions 

were dominant whereas a large river multi-stressor study in European freshwater systems 

found two-thirds of the effects were additive (no interactive effects). All of these studies find 

some evidence of a greater impact when stressors co-occur, but vary as to whether the 

effective is additive, antagonistic, or synergistic. As a consequence, even if individual 

stressors can be measured, cumulative stress is difficult to assess. 

 Priority interacting stressors in the Great Lakes region include the following: invasive 

species, toxic chemicals, excess nutrients, habitat loss, climate change, pathogens, and fish 

harvest. Although each of these categories can be further sub-divided, and the list is not 

exhaustive, these priority stressors provide a restricted subset for further consideration.  

 Based on the above list of priority interacting stressors and considering feedback from 

experts on important potential interactions of these stressors, the following 11 stressor pairs 

were examined in detail: 

 invasives and climate change,  

 invasives and nutrients, 

 toxics and climate change,  

 toxics and nutrients, 

 toxics and habitat loss, 

 climate change and nutrients, 

 climate change and habitat loss,  

 nutrients and habitat loss, 

 climate change and pathogens,  

 fish harvest and invasives, and 

 invasives and habitat loss.  

 

 The potential exists for the environmental consequences of one stressor to be modulated by 

the presence of a second stressor. For example dreissenid mussels can increase light 

penetration and trap nutrients in sediment, promoting Cladophora growth. Climate change 

can increase the intensity and frequency of rain events, and subsequently the amount of 

runoff leading to higher levels of nutrients and pathogens delivered from watershed. 

 As part of the expert workshop three pairs were evaluated further (nutrients-toxics; nutrients-

invasives; and invasives-habitat loss) to provide more informative tests of the application of 

stressor interaction to management approaches. These workshop case studies highlighted the 
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importance of considering spatial and temporal variability when evaluating the intensity of 

the interaction in the Great Lakes region. Because the majority of stressors originate on land 

where agricultural and urban activities are most pronounced, the intensity of many stressors 

is likely to be greatest in near-shore waters, and decrease with distance from shore. 

 Other contextual considerations appear to be important. As for example, stressor frequency 

and duration as well as the sensitivity and vulnerability of the impacted resource value can 

vary with weather extremes, ecosystem conditions and drivers of human activity. In some 

cases the analysis of interactions may be required at a relatively fine spatial scale. 

 Trends in stressor interactions are likely linked to trends in stressors themselves, as well as 

the intensity of their management through time. For example, loading from point sources of 

toxics and nutrients has been substantially reduced over time, and invasive lampreys are 

effectively managed with lampricide application and other measures. Climate change, 

emerging contaminants of concern, and many invasive species are not effectively managed.  

Key Knowledge Gaps: 

 Spatial resolution and temporal resolution of data on stressors often are insufficient to 

determine their status and trends, and their interactions, in order to facilitate informed 

management decisions. Important gaps identified by workshop participants include better 

data on nearshore nutrient cycling and speciation, abundance of invasive fish, seasonality of 

stressors, primary productivity and upper food web linkages, emerging and understudied 

contaminants, river plume dynamics, fish pathogens, fish toxins that drive consumption 

advisories, and response of ecosystems to management actions.  

 Gaps in process understanding of stressor interactions are common. Robust studies of 

interactions are rare, and often limited to controlled laboratory settings or mesocosms and 

single species or life stages. These limitations can make it difficult to translate results to 

natural environments across a range of contextual considerations and meaningful 

management scales.  

Recommendations: 

 Although active monitoring and research programs are addressing some questions related to 

stressor intensity and interactions, continued investment in two particular areas is a priority: 

(1) improved management and integration of data that efficiently and timely puts information 

on stressor and affected ecosystem status in forms that support management decisions, and 

(2) creation and maintenance of operational models that accurately simulate ecosystem 

processes and states under multiple interacting stressors, as well as likely or possible future 

stressor scenarios.  . 

 Although process understanding of stressor interactions is relatively limited, continued 

investment in programs which manage multiple stressors within a system in a coordinated 

way will likely be more effective than programs managing individual stressors. Particular 

examples that address multiple stressors include Areas of Concern and fisheries management 
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programs. Within these programs, consideration of interactions may be important to 

incorporate as our understanding of stressors interactions improves.  

 Great Lakes policies that regulate, support, and incentivize sustainable reduction of 

individual stressors, should be better integrated across jurisdictions to avoid gaps in 

mitigation and should target resources toward stressor interactions that are either best 

understood, most urgent to address, or most amenable to management. 
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 ATTACHMENT A 

  Workshop agenda 

 

 

 

  

 

 

 

WORKSHOP AGENDA 

 

Holiday Inn and Suites 

1855 Huron Church Road 

Windsor, Ontario, Canada 

 

IJC Workshop – Evaluation of Stressor Interactions 

April 9-10, 2019 

 

Purpose:  

 Confirm stressor pairs thought to be most important in the Great Lakes; 

 Characterize their effects (i.e., additive, synergistic or antagonistic) and variability across 

the Great Lakes; and 

 Assess the underlying data quality associated with priority stressor pairs.  

 

Desired Outcomes:  

 Make the case for the importance of stressor interactions as a means to better understand 

and address ecological challenges through science and management programs;   

 Reveal data and knowledge gaps related to stressor interactions to be used by the SAB to 

develop recommendations for improved monitoring and surveillance, research, and 

management; and 

 Facilitate the development of conceptual models and hypotheses that identify mechanistic 
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pathways to clarify how pairs of stressors may interact.  

 

Tuesday, April 9 

 



Stressor Interactions in the Great Lakes  February 4, 2019 

 

80 | P a g e  

 

1:00 pm 

 

 

 

Welcome and  Introductions 

 

 

 

David Burden, IJC GLRO 

Director 

Dave Allan, SAB Work Group 

Chair Workshop Participants 

1:10 pm Project Purpose and Background Dave Allan 

1:15 pm Workshop Approach Mike Donahue, AECOM 

1:20 pm Review of Progress to Date 

 Project background 

 Vocabulary 

 Literature review highlights 

 Preliminary list of stressor pairs 

John Bratton, LimnoTech 

 

1:50 pm 

 

Panel Session: Perspectives on Stressor 

Interactions in the Great Lakes - Case Study 

Emphasis (8-10 minutes  each) 

 

Moderator: Mike Donahue 

 

  Chemicals   

 Invasive Species  

 Nutrients                                                                                                                                                               

 Habitat Loss                                                             

 Climate 

 

Mike Murray, Nat’l Wildlife 

Federation 

Bob Hecky, U of MN-Duluth 

Bob Sterner, U of MN-Duluth 

Lucinda Johnson, U of MN-

Duluth 

Craig Stow, NOAA-GLERL   

2:50 pm Break  

3:05 pm Charge to Breakout Groups  Mike Donahue 

3:10  pm Facilitated Small Group Discussions  

 Each of three small groups will address the 

following: 

 Are the identified stressor pairs of greatest 

concern in the Great Lakes ecosystems 

and, if not, what other pairs should be 

considered? 

 For each pairing, are the effects additive, 

synergistic, antagonistic, or not yet known? 

Each small group will have an 

assigned facilitator and 

recorder, and a volunteer 

reporter. Participants should 

review background material 

(see attached) for guidance.  
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4:10 pm Plenary Session  - Reporting Out and Discussion Reporters from  Small Group 

Workshop Participants 

 

5:15  pm Summary and Preview of Day 2 Mike Donahue, John Bratton 

5:30 pm Adjourn  

   

6:30 pm Dinner at Rock Bottom Bar & Grill (offsite) 3236 Sandwich Street, Windsor 

 

Day 2, Wednesday, April 10 

Note - The Day 2 agenda was modified to build on Day 1 outcomes and to provide for 

development of findings and recommendations to the SAB and IJC. Participants self-selected 

one of three breakout groups, each focusing on a specific stressor pair and lake. Participants were 

encouraged to discuss their pairings at a basin-wide scale to the extent possible. If contextual 

considerations made generalizable discussion difficult, participants were directed to focus their 

analysis on the geographic scale noted. Case studies were drawn from workshop participant 

suggestions, with a focus on those where sufficient data and information exist to allow for 

development of meaningful management recommendations.  
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8:30 am Day 1 Recap and Day 2 Focus Mike Donahue 

8:35 am Review of Progress to Date (Part 2) John Bratton 

  Spatial variability of stressor pairs 

 Underlying data quality, deficiencies, etc. 

 

9:00 am Charge to Breakout Groups Mike Donahue and 

Facilitators 

9:10 am Facilitated Small Group Discussions  

 Group 1 Case Study: Interactions of Nutrient and 

Toxic  Stressors in the Western Basin of Lake Erie 

Group 2 Case Study: Interactions of Invasive 

Mussel and Nutrient Stressors in Lake Michigan 

Group 3 Case Study: Interactions of Invasives and 

Habitat Loss Stressors in the Lake Ontario Basin  

Each Group will address the following:    

 Are the stressor interactions additive, 

synergistic, antagonistic, or unknown? 

 What are the key mechanisms of stressor 

pair interactions (narrative description)?    

 What are the contextual considerations 

(e.g., location, time of year, event 

frequency)?  

 What are the key management 

recommendations?  

 What are the key monitoring/surveillance 

and research needs?  

Matthew Child, Facilitator 

 

John Bratton, Facilitator  

 

Dave Allan, Facilitator   

10:45 am 

11:00 am 

12:15 pm 

12:25 pm 

12:30 pm        

Break  

Plenary Session – Reporting Out and Open 

Discussion 

Summary and Next Steps   

Closing Remarks 

Adjourn 

 

Reporters and All 

Participants 

Mike Donahue, John Bratton 

Dave Allan  
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  Workshop attendees 

Attendee Organization Breakout Groups (Day 1, Day 2) 

David Allan  U. Michigan (Work Group Chair) 1, Invasives/Habitat 

Tracie Baker Wayne State U. 3, Toxics/Nutrients 

Harvey Bootsma U. Wisconsin - Milwaukee 3 

Mary Anne Evans USGS 3 

Kurt Fausch Colorado State U. 1 

Lauren Fry USACE 1 

Bob Hecky U. Minnesota - Duluth 2, Toxics/Nutrients 

Tomas Höök Purdue 1 

John Jackson Citizen activist 2, Toxics/Nutrients 

Lucinda Johnson U. Minnesota - Duluth 3, Habitat 

Donna Kashian (Day 2) Wayne State U. NA, Toxics/Nutrients 

Karen Kidd McMaster U. 2, Toxics/Nutrients 

Marten Koops DFO-GLLFAS 3 

Thomas Loch Michigan State U. 1 

Mike McKay U. Windsor 2, Toxics/Nutrients 

Carol Miller Wayne State U. 2 

Mike Murray National Wildlife Federation 1, Toxics/Nutrients 

Jeff Schaeffer USGS 1 

Christina Semeniuk U. Windsor 3 

Sigrid Smith Delaware State U. 2 

Bob Sterner U. Minnesota - Duluth 2 

Craig Stow NOAA-GLERL 3, Toxics/Nutrients 

Don Uzarski Central Michigan U. 2 
   

Matthew Child IJC (SPC Secretary) 3, Toxics/Nutrients 

David Burden IJC (GLRO Director) NA 

Ryan Graydon IJC (Sea Grant Fellow) 2, Nutrients/Mussels 

John Bratton LimnoTech (Contract Proj. Mgr.) 2, Nutrients/Mussels 

Jennifer Daley LimnoTech (Contract Scientist) 3, Toxics/Nutrients 

Mike Donahue AECOM (Contract Facilitator) Circulator 
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