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Monitoring Design for Cumulative Effects and Stressor-Reponse 

Executive Summary 

Ecological condition of a wetland is affected by the human disturbances that occur in and near it. At the 
local scale some disturbances (stressors) are tightly coupled with specific wetland changes and can be 
best understood based on stressor-response research. At the landscape scale, however, cumulative 
human disturbances result in complex changes to wetlands. Due to interacting ecological effects, these 
cumulative changes are best tracked by regional surveillance monitoring. If data collection methods are 
harmonized so that similar variables are measured in stressor-response research and cumulative effects 
monitoring, the resulting information can be used in both analyses. For both of these monitoring types, 
it is important to develop scientifically rigorous sampling designs.  

Sampling Design Considerations 

 Stressor-Response Research: To understand stressor-response relationships it is necessary to 
collect and analyze information from the full range of stress intensity. Results from these 
analyses/models can be used to predict wetland conditions under future development scenarios. 

 Cumulative Effects Monitoring: To understand cumulative changes to wetlands, a representative 
suite of wetlands must be monitored throughout the region of interest. A systematic study design 
is the most effective way to achieve appropriate sampling, and to ensure sampling will remain 
effective in the long-term.  

 Integrating Cumulative Effects Monitoring and Stressor-Response Research: If the same variables 
are monitored for cumulative effects and stressor-response, the resulting information can be used 
by both decreasing total costs and increasing statistical power for both. 

 
Statistical Power Considerations 

 Maximize Signal/Noise Ratio: By selecting variables that respond strongly to stressors, 
relationships and change over time can be more easily detected.  

 Use Covariates to Control Noise: By including covariates in the analyses it is possible to statistically 
control variability in hydrological, climatic and biological conditions and thus more easily identify 
changes due to human disturbance.  

 Use Repeated Measures to Control Noise: A repeated measures design reduces the need to use 
covariates and increases power to track wetland change over time.  

 Determine Optimize Sample Size: When developing a monitoring program it is necessary to 
conduct a cost/benefit analysis with actual data to determine the optimum samples size that is 
needed.   
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1. Introduction 
To facilitate sustainable management, it is necessary to understand the ecological effects of proposed 
developments on native ecosystems (Hegmann et al. 1999, Alberta Environmental Protection and 
Enhancement Act 2010). In a wetland context, developments may include activities that alter the 
vegetation and/or physical characteristics in and around the wetland, or that result in contaminants 
entering the wetland (Cumulative Environmental Management Association 2012). Some of the 
environmental changes are very localized and tightly coupled with specific stressors. To understand 
these stressor-response relationships either a range of wetlands that have varying levels of disturbance 
are surveyed or disturbed locations are compared to reference locations (e.g., Ciborowski et al. 2010, 
Rooney and Bayley 2012). At the other end of the continuum, some ecological effects on wetlands result 
from the cumulative changes of many disturbances throughout the landscape. Due to synergistic effects, 
these cumulative effects are best tracked by regional surveillance monitoring (Haughland et al. 2010, 
Wintel et al. 2010). If data collection methods are harmonized so that variables are measured in a 
similar way by both stressor-response research and cumulative effects monitoring, the resulting 
information can be used in both analyses thus minimizing overall costs. For both types of monitoring, 
sample size must be optimized so that relationships can be detected, at a reasonable cost.  
 
In this appendix, I review factors to consider when developing a wetland monitoring program for the Oil 
Sands region. I first review study designs that can be used to determine stressor-response relationships 
and to monitor cumulative effects. I then discuss considerations that affect statistical power. Finally, I 
identify general recommendations that emerge from the review. 

2. Study Design to Assess Stressor-Response and Cumulative Effects 
Understanding stressor-response relationships in wetland ecosystems and assessing cumulative effects 
of human development in the systems are two of the major drivers for environmental monitoring in the 
Oil Sands region. Since the optimum sample layout differs between these two types of monitoring, I 
review each individually and then discuss how they can be integrated.  

2.1 Monitoring to Assess Stressor-Response 

Human activities stress natural wetland ecosystems and the species that live there, either through 
changing the topography, hydrology, substrate or vegetation that is present, or by adding contaminants 
to the environment. Oil and gas exploration and extraction are common and widely distributed 
throughout the Oil Sands region, and footprints from these activities have grown over time (Alberta 
Biodiversity Monitoring Institute 2014). Some types of disturbance (e.g., seismic lines) are designed as 
temporary removal of native vegetation, with the expectation these will revert to native habitats within 
a few decades. Other disturbances like mines, industrial facilities and well pads result in changes to the 
vegetation, soils, and hydrology that are expected to remain on the landscape for decades. These 
disturbances will be reclaimed after resource extraction has been completed, and are expected to 
eventually recover to natural ecosystems. However, recovery periods may be quite long. Roads and 
urban footprints are expected to be permanent changes to Alberta’s landscape in the Oil Sands region.  
 
Understanding Ecological Condition After Disturbance and Reclamation: Research studies are often 
implemented to understand both the ecological effects that occur during resource exploration and 
extraction, and the degree to which disturbed areas recover following reclamation. This stressor-
response research is especially important for resource development in and near wetlands because 
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hydrological process can be affected by development, and changes in hydrology may compound wetland 
changes (Cumulative Environmental Management Association 2012). Recovery following development 
of wetlands, even following temporary vegetation removal, has proven to be slow (Zedler and Callaway 
2002, Rooney and Bayley 2011, Kovalenko et al. 2013). In addition, reclamation of wetlands, especially 
for bogs and fens, is challenging (Foote 2012, Anderson et al. 2013, Borkenhagen and Cooper 2015).  
Stressor-response research is required to understand ecological changes for each type of wetland being 
evaluated, and for wetlands from a variety of landscapes with different amounts and types of upland 
and lowland habitats, because responses may differ among these. For example, a road may affect a fen 
more than a bog because bogs receive most of their water from precipitation whereas fens receive the 
majority of their water from flow of the surface or ground water.  
 
To understand stressor-response relationships it usually is most efficient to sample the gradient from 
low (ideally no) development through to high intensity development, and model changes along this 
gradient (e.g., Nichols and Williams 2006). Since ecological effects occur at a variety of spatial and 
temporal scales, monitoring and evaluation need to be conducted at many scales (Wintel et al. 2010, 
Burton et al. 2014). An alternative method to evaluate stressor-response is to use a reference condition 
approach (Bailey et al. 1998), of which before-after-impact-control design (BACI) is a special case (Gotelli 
and Ellison 2004). With these designs ecological conditions are compared between undisturbed and 
disturbed locations, and with BACI designs conditions are also compared before and after the 
development. BACI and reference condition designs are commonly used to identify the impacts of 
specific developments (e.g., Cumulative Environmental Management Association 2012), whereas 
stressor gradients are used to understand the range of responses that are expected to be encountered 
throughout the landscape (Gotelli and Ellison 2004). 
 
Predicting Ecological Conditions of a Proposed Development: To manage risk, resource developers often 
wish to predict the degree to which ecosystems will be affected by a proposed development. These 
predictions are made by applying models developed during stressor-response research to the target 
landscape with the future development simulated (e.g., Alberta Environment and Parks 2015). The 
predictions help to identify potential issues, and by looking at a variety of development scenarios it is 
possible to identify which management solution is expected to best meet everyone’s needs. Scenario 
modeling and prediction are not an actual assessment of ecological condition in the region – the 
prediction is only as good as the information used to build the models, and only applies to areas that are 
similar to where the modeling data were collected (Burton et al. 2014). In addition, due to model 
uncertainty and the many assumptions that are included when describing future scenarios, model 
predictions have substantial uncertainty. Cumulative effects monitoring (see below) is required to 
confirm the predictions.  When models are found to be inaccurate additional research and adaptive 
management can be used to improve management over time (Burton et al. 2014).   

2.2 Monitoring to Assess Cumulative Effects  

Natural environments are complex with many species and habitats interacting in multitude of ways 
(Wintel et al. 2010). These interactions differ among landscapes due to the habitat types and 
composition differing, species communities differing among habitats, and species meta-population 
dynamics being affected by the ecosystems and biotic communities that are present (Saunders et al. 
1991, Ramalho et al. 2014). There are never enough resources to study all aspects of ecosystems at all 
spatial and temporal scales. As such, cumulative effects assessment – defined as the effects on the 
environment which are caused by the combined results of past, current and future activities (Elvin and 
Fraser 2012) – will always be incompletely understood. Secondary and interacting effects make it even 
more complex to determine cumulative effects (Burton et al. 2014). To overcome these limitation, 
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surveillance monitoring throughout the region of interest is used to document existing ecological 
conditions, trend over time in condition, and to confirm whether or not the desired conditions are being 
created (Magunsson et al. 2008, Haughland et al. 2010). Choice of sample locations must be rigorous so 
that information that is collected can be applied effectively to the complete region of interest (see 
below). In addition, given the abundant daily, seasonal and inter-annual variation that is found in natural 
wetlands, monitoring information must be able to separate trend over time from natural variability. If 
surveillance monitoring is well designed cumulative effects that are stronger than desired will be 
highlighted before they become acute so that management actions can be implemented early (Burton et 
al. 2014). In addition, surveillance monitoring facilitates discovering “unknown unknowns” within 
complex ecosystems that have many interacting cumulative effects (Wintel et al. 2010).  
 
It is important to have unbiased sampling during surveillance monitoring so that present conditions, and 
the magnitude of changes over time, can be estimated rigorously. A variety of unbiased sampling 
designs are possible, each having their own strengths and weaknesses (Kangas and Maltamo 2006).  
 
Random Sampling: Random sampling facilitates collecting unbiased information from a study area 
(Cochran 1977, Kangas and Maltamo 2006). Once the sample area has been defined (e.g., a watershed, 
or all of the bogs in a region) a sub-sample of locations are randomly chosen for survey. Random 
sampling has the least constraints on analyse of any sampling design (Quinn and Keough 2004). The 
draw-back to random sampling, however, is that some of the locations chosen may not be easy to 
access and locations may not be dispersed evenly throughout the region. In addition, depending on the 
strata that are present, random sampling may not be as efficient as stratified sampling (Cochran 1977). 
 
Systematic Sampling: Systematic sampling results in samples being dispersed evenly throughout the 
study area. As long as there are no underlying systematic periodicities within the area, systematic 
sampling gives unbiased data similar to that found with random sampling (Krebs 1989). Thus systematic 
samples have relatively few constraints during analyses, nd many environmental monitoring programs 
use systematic designs (e.g., Magnussen and Bonner 1997). However, similar to random sampling, 
systematic sites may be difficult to access and thus more costly than stratified sampling. 
 
Stratified Sampling: As an alternative to random or systematic sampling, the study area may be pre-
stratified based on habitat, land use, or other identifiable features, and survey effort allocated to each 
strata in a manner that optimizes statistical power and minimizes costs (Cochran 1977). Stratification 
can be based on any criteria that can be mapped accurately. If some strata are larger than others, or are 
more variable than others, or more costly to access than others, it often is possible to reduce costs and 
maintain statistical power by choosing different sample sizes for each strata. In addition, it may be 
possible to design stratification so that areas that are difficult to access receive reduced sampling effort. 
Stratification, however, may create problems in long-term monitoring if the strata, or boundaries of the 
strata, change over time and the new strata had low sample size during initial surveys (McDonald and 
Geissler 2004). In contrast, statistical constraints of monitoring programs with random or systematic 
study designs do not have this constraint.  

2.3 Integrating Cumulative Effects Monitoring and Stressor Response Research 

Although monitoring goals and study designs differ between cumulative effects monitoring and stress-
response research (see discussion above), many of the same stressors and response variables need to be 
surveyed for both. By measuring a similar set of base variables during both types of monitoring, 
information can be integrated between them (Haughland et al. 2010). For example, locations that are 
surveyed during cumulative effects monitoring could be used to describe part of the stressor gradient in 
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stressor-response research, with the rest of the gradient being filled by targeted surveys. In addition, by 
using cumulative effects information to understand variability throughout a region, it will be easier to 
generalize results from stressor-response research over broad areas. However, since different people 
are often involved when developing cumulative effects monitoring than when developing stressor-
response research, integration between the two types of monitoring often does not occur (Magnusson 
et al. 2008). To overcome this issue, it is important to make survey protocols accessible and to promote 
the use of the same protocols by all organisations (Haughland et al. 2010). 

3. Statistical Power  
Many factors influence power to detect differences between samples or change over time in ecological 
condition (Cohen 1988). Some of these factors are a function of the analytical method and test used, 
whereas others can be optimized by choosing appropriate study designs and variables to measure. The 
importance of four design choices – choosing variables that respond strongly and can be measured 
accurately, optimizing sample size, including covariates, and repeated measures designs – are discussed 
below.  

3.1 Choosing Variables That Maximize the Signal/Noise Ratio 

When assessing cumulative effects or when modeling stressor-response, it is important to choose 
variables that have a large effect size (i.e., respond strongly to environmental change; Cumulative 
Environmental Management Association 2012) and that have low unexplained variation (i.e., can be 
measured accurately and precisely; Cohen 1988). Even modest decreases in effect size or accuracy and 
precision can obscure stressor-response relationships and decrease the ability to detect long-term 
changes in cumulative effects (Nichols and Williams 2006, Nielsen et al. 2009). However, a common 
constraint in environmental monitoring is that habitat characteristics and species that respond strongly 
to changes in the environment are often difficult to measure accurately and precisely because they also 
vary daily, seasonally, and among landscapes. Thus, balancing choices often results in choosing 
monitoring variables that only respond moderately to environmental changes and that are measured 
with only moderate accuracy and precision. Extensive up-front thought is required to ensure that the 
variables and species chosen for monitoring are as appropriate as possible (Lindenmayer and Likens 
2009). To increase accuracy and precision it is important that all people collecting data receive 
consistent high-quality training, and that rigorous quality assurance is implemented (Lesser and 
Kalsbeek 1999).  

3.2 Including Covariates to Strengthen Analyses/Modeling  

All wetland ecosystems are unique as a result of topography, hydrology and climate varying spatially, 
with these physical factors in turn affecting the vegetation and habitats that are present. To complicate 
matters, natural disturbances also differ among landscapes. Finally measurement error, seasonal 
variability, and inter-annual variability all add noise to the response variables and thus reduce power to 
detect change. Consequently, even without anthropogenic disturbances, habitat characteristics and 
species abundances differ spatially (e.g., Alberta Biodiversity Monitoring Institute 2015). This natural 
variability adds complexity when determining stress-response relationships and when assessing 
cumulative effects.  
 
It is possible to factor out some of the natural variation in the response variables by including covariates 
in the analyses (e.g., soil type, geographic location, time of day, etc.). These covariates are entered into 
the analyses at an early step and covariation between the response variable(s) and covariate(s) removed 
so that the remaining variation can be subsequently evaluated in relation to the stressor of interest 



   

5 
Monitoring Design for Cumulative Effects and Stressor-Reponse 

(Audet 2015). To facilitate these analyses, covariate information must be collected at the same locations 
and the same temporal scales as the response variable. Often, especially for wetlands that are dynamic, 
it is most efficient to design sampling so that covariates and response variables are measured as an 
integrated package.  
 
It is not possible to factor out the effects for all covariates because the covariates are measured with 
error (Snedecor and Cochran 1989). In addition, due to sample size constraints, only a limited number of 
covariates plus their interactions can be modeled. These constraints establish the lower limit for which 
relationships can be detected (Schieck et al. 2012). On the positive side, if the intensity of response 
increases over time, effect size will increase and fewer samples will be required to detect cumulative 
effects after many years than after a few. In addition, by implementing a repeated measures sampling 
design (see discussion below) many covariates are controlled as part of the design and do not need to 
be incorporated during the analyses stage.  
 
If managers and planners wish to project results from models to either a different landscape, or to 
simulated future landscapes (e.g., Alberta Environment and Parks 2015), the important covariates must 
also be mapped throughout the target landscape(s). That often means that only variables derived from 
GIS layers can be used as covariates. Since GIS information only captures some of the relevant 
covariates, unexplained variation is often inflated in predictive models and the resulting predictions 
coarse.  

3.3 Using Repeated Measures Designs to Track Cumulative Effects 

Due to natural variability, habitat characteristics and species abundances differ greatly between areas 
(see 3.2). This natural variability increases unexplained variation in response variables and decreases the 
power to detect change over time. To partially overcome these difficulties, repeated measures designs 
are often used for cumulative effects monitoring. With a repeated measures design, a suite of locations 
is selected and these locations surveyed during each sample period. This design simplifies analyses of 
change, in comparison to random sampling during each period, because many of the environmental 
covariates are expected to remain constant and thus do not need to be incorporated as covariates in the 
analyses (Quinn and Keough 2004). However, maintaining an unbiased repeated measures design for 
long-term monitoring is challenging. If land ownership changes between surveys, access to a survey 
location may be denied when resurvey is desired. In addition, to ensure that the sample locations do not 
have biased activities occurring at them, the exact location cannot become public information (Solyoms 
2013). Finally, there are technical difficulties to conducting repeated measures at wetlands which often 
vary greatly in size and physiochemistry over time.  

3.4 Optimizing Sample Size  

Although a large number of factors affect statistical power (Cohen 1988), monitoring programs often 
focus on optimizing sample size because this can be actively controlled by the researcher. The 
confidence with which magnitude can be estimated for a parameter is positively related to the number 
of samples collected (Zar 1984); more samples result in smaller confidence intervals and higher 
statistical power. However, this is an asymptotic relationship and at some point the marginal increase in 
power will not be worth the increased costs of collecting more data (Thomas and Krebs 1997, Schieck et 
al. 2012). Thus it is important to explore sampling costs versus statistical benefits when deciding on the 
sample size. Due to differences between ecosystems, actual data from the system being monitored 
needs to be used when conducting the cost/benefit analyses. 
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Stressor-Response Research: To understand how stressors affect ecological systems, researchers collect 
data at a variety of locations that either span the stressor gradient, or that are from both disturbed and 
reference locations, but otherwise are as similar as possible to each other (Gotelli and Ellison 2004). To 
increase effect size researchers may experimentally extend the stressor gradient to include extreme 
conditions that do not occur naturally. If the signal/noise ratio of the response is high, sample sizes of 
30-50 may be sufficient to achieve high power (Cohen 1988, Gotelli and Ellison 2004, Cumulative 
Environmental Management Association 2012, Alberta Biodiversity Monitoring Institute 2015). 
However, for stressor-response relationships that are weaker, or where measurement error is greater, 
100s of samples are required to reach high power (Nielsen et al. 2009, Alberta Biodiversity Monitoring 
Institute 2015). Since many wetland characteristics vary throughout the day and season, more samples 
may be required for these than for studies in terrestrial ecosystems. If the goal is to project the stressor-
response relationship throughout a new landscape, or to a landscape with simulated change over time, 
the modeled relationships must include data collected from the complete range of habitats that occur in 
the projections, otherwise the projections will not be defendable (Gotelli and Ellison 2004).  
 
In general, for a given sample size estimates of abundance for physicochemical characteristics have 
higher precision (and lower coefficients of variation) than those for species (Kratz et al. 1995). This 
occurs because detectability is less than 100% for all species, and for rare species often is much lower 
than 100% (Nielsen et al. 2009). Thus, not surprisingly, more samples are required to understand 
relationships for rare species than for common species or for physical characteristics (Nichols and 
Williams 2006, Alberta Biodiversity Monitoring Institute 2015). However, it is difficult to a priori predict 
the sample size that will be required to achieve a desired power – preliminary data collection and 
analyses are required for the variables in question to determine the required sample size (Cohen 1988, 
Quinn and Keough 2004).  
 
Cumulative Effects Monitoring: Creating a study design to assess cumulative effects has additional 
complexities compared to determining stressor-response relationships. Samples for cumulative effects 
assessment must be distributed in a probabilistic design throughout the area of interest (see 2.2). Often 
disturbances are localized so that only some of the study area is affected by stressors. Thus, with 
samples distributed throughout the area, different samples measure different amounts of disturbance. 
The sum of these complexities is that the average cumulative effects may be small but variation in the 
estimate large, resulting in a small effect size in relation to coefficient of variation and correspondingly a 
low power to detect change. In terrestrial systems, change over time can be detected with 25-50 
samples for species that are common and well detected (Nielsen et al. 2009). However, to have similar 
power for species that are rare and poorly detected, hundreds of samples are needed. If cumulative 
effects assessment is required for sub-units within the region, or for specific habitat/wetland types 
within the region, then the required number of samples must be collected within each of the smaller 
units. Due to the complexity of factors involved when assessing cumulative effects, pilot information 
must be collected in the area of interest and a cost/benefit analyses conducted from this data to 
determine the optimum sampling size.   

4. Summary and Recommendations  
There are two broad goals for wetland monitoring in the Oil Sands region: i) monitoring to understand 
how specific disturbances (stressors) affect the ecosystems, and ii) cumulative effects monitoring to 
understand the effects of multiple stressors on wetlands and to detect unexpected changes over time. 
For both of these goals, it is important to develop scientifically rigorous sampling designs so the 
interpretation of information is defendable.   
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4.1 Sampling Design 

Stressor-Response Research: Stressor-response research is required to understand how ecosystems 
change in response to each specific development activity. Responses may differ among habitat 
types and landscape compositions, and thus stressor-response relationships need to be evaluated 
for the complete range of wetlands to be managed. Models from stressor response research can 
be used to predict future conditions under different scenarios of development, but the accuracy of 
these predictions needs to be tested.  

Cumulative Effects Monitoring: Cumulative effects monitoring is required to track ecological condition 
in a region because landscapes are complex and the sum of individual stressor-response 
relationships do not accurately predict all the synergistic changes to the environment. Selecting 
locations to survey based on a systematic design is the most efficient way to ensure that a 
representative suite of locations is sampled throughout the study area, and to ensure that 
sampling will remain effective for the long-term. To create a wetland monitoring program for the 
Oil Sands region, it will be necessary to modify the systematic layout by choosing wetlands nearest 
to each systematic location.  

Integrating Cumulative Effects and Stressor-Response Research: If information from a core set of 
variables is collected during both cumulative effects monitoring and stressor-response research, 
the resulting information can be integrated into both analyses. That integration will result in more 
information being available, thus decreasing total costs increasing statistical power for both. 

4.2 Statistical Power 

Maximizing Signal/Noise Ratio: Ecological systems are variable with the result that changes over time 
and stressor-response relationships are often difficult to detect. Thus, it is important focus 
monitoring on variables that are expected to respond strongly to stressors, and that can be 
measured with high accuracy and precision. Choosing variables for monitoring in the Oil Sands 
region will require extensive up-front thought. Training is important to ensure that staff collect 
data to the highest possible standards. 

Using Covariates to Control Noise: Wetland characteristics differ among locations due to spatial 
variation in hydrological, climatic and biological conditions. To account for this natural variability, 
many covariates must be included during the modeling process. If results from models are to be 
projected throughout a region, the covariates must be mapped throughout the region.  

Using Repeated Measures to Control Noise: A repeated measures sampling design is the most efficient 
way to track change over time because locational differences are incorporated directly in the 
analyses and fewer covariates need to be incorporated. However, in a repeated measures design 
active management is required to ensure the samples locations do not become biased over time. 

Optimizing Sample Size: Sample size is positively related to power to detect change, although this 
relationship is asymptotic. Measurement error, habitat and landscape variability, seasonal 
variability, and inter-annual variability all add noise to the data and thus reduce power. For many 
response variables, 100s of samples must be collected to achieve a high statistical power. Due to 
differences between ecosystems, a cost/benefit analysis with actual data is required to determine 
the optimum samples size for monitoring wetlands in the Oil Sands region.  

 
To create an effective wetland monitoring design for the Oil Sands region, the goals of monitoring must 
be clearly understood. In addition, a pilot of the proposed monitoring is required so that natural 
variability in the response variables can be evaluated and an optimum sample intensity determined. 
Resources will limit the degree to which all aspects of monitoring can be conducted. Thus, it is valuable 
to design wetland monitoring in the Oil Sands region as modules, with each module accomplishing a 
specific goal. This would allow managers to implement modules based on resources available. It may be 
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possible to integrate some of the existing wetland monitoring that is being conducted in the Oil Sands 
region.  
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