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Abstract

The protection of listed species through the Ecological Risk Assessment (ERA) process is 

encumbered by the number and diversity of species that need protection and the limited data 

available to inform assessments. Ecological communities within isolated ecosystems often contain 

a number of biologically diverse endemic, endangered, and threatened species, as well as 

providing numerous ecosystem services (ES). We propose an approach that develops community-

level protection goals using isolated wetlands that includes both listed species and Service 

Providing Units (SPUs) that drive ES for ecological risk assessments (ERAs). Community-level 

protection goals are achieved by developing a protection community and weighing lines of 

evidence to determine a set of focal species within that community upon which to base the 

assessment. Lines of evidence include chemical mechanism of action, likely routes of exposure, 

and taxa susceptibility, as well as relationships among species, and other ecological factors. We 

demonstrate the process using case studies of chlorpyrifos in California vernal pools and coal ash 

effluent in Carolina bays. In the California vernal pool case study, listed species were the primary 

SPUs for the ES provided by the critical habitat. The weight of evidence demonstrated the honey 

bee as the focal species for the terrestrial environment and the vernal pool fairy shrimp as the focal 

species for the aquatic environment. The protection community within the Carolina bay case study 

was more taxonomically diverse than vernal pools for both listed species and SPUs, with 

amphibians identified as the focal species for which to target mitigation goals and hazard levels. 

The approach presented here will reduce the time and resource investment required for assessment 

of risk to listed species and adds an ES perspective to demonstrate value of assessments beyond 

listed species concerns.
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1. Introduction

At first glance, protection goals for Ecological Risk Assessments (ERAs) that focus on 

threatened and endangered (listed) species and ecosystem services (ES) appear 

contradictory. Under the Endangered Species Act (ESA), private and federal actions may not 

jeopardize listed species pop-ulations, regardless of the benefit to humans. Conversely, by 

definition, ES benefit society through ecological processes that are valued and used by 

people. While the protection of listed species often is focused on the in-dividual and 

population-levels, protection of ES is enmeshed in community- or ecosystem-level 

dynamics. ERAs that target the protection of listed species do so on a species-by-species 

basis, whereas the current state of ES-based ERAs have been more focused on ES in general 

habitat types (e.g., urban, grassland, wetlands; Maltby et al., 2017) using broad and 

relatively large-scale endpoints (e.g., quantity and quality of food production; Munns Jr. et 

al., 2015). Here, we present an approach to ERA that aims to protect both listed species and 

ES in isolated wetlands using community-based protection goals. In doing so, we 

demonstrate the protection of listed species and ES are not contradictory, but can be 

leveraged together for broader environmental protection.

Isolated wetlands are surrounded by uplands, may or may not be ephemeral, and have 

hydrological input primarily through rainfall and runoff (Tiner, 2003). Ubiquitous 

throughout the United States, isolated wetlands vary across ecoregions with a unique 

combination of geological, climatic, and biotic features. They support a diverse array of 

species and communities, including many endemic species, listed species, and species of 

concern (e.g., plants, crustaceans, amphibians), and are critical habitat for several listed 

species (e.g., vernal pool fairy shrimp; USFWS, 2005). They also provide a variety of ES 

such as provisioning ES (e.g., genetic resources, fresh water) and regulatory ES (e.g., 

pollination, water regulation, water purification) (Tiner, 2003; Marton et al., 2015). Isolated 

wetlands face multiple threats including encroaching urbanization, agricultural conversion, 

hydrological changes, and other climatic stressors. In addition to their unique regional 

stressors, isolated wetlands are vulnerable to chemical contamination, which also may vary 

based on region (Tiner et al., 2002).

Under the ESA, federal and state agencies consult with the US Fish and Wildlife Service 

(USFWS) or the National Oceanic and Atmospheric Administration (NOAA) National 

Marine Fisheries Service (NMFS) (herein combined, the Services) to make certain that 

federal, federally-funded, or federally-permitted actions do not jeopardize the continued 

existence of listed species or result in the destruction or adverse modification of those 

species' critical habitat. Critical habitat of listed species is delineated by the Services and 

includes isolated wetlands for several species throughout the US. The ERA process is 

intended to determine what risks an action poses to listed species and their corresponding 

critical habitat. In assessing risks of pesticide exposure to listed species, the Services and 
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EPA work in tandem in a three-step process to characterize the risk of an action to listed 

species' viability (NRC, 2013). The current process involves a species-by-species approach 

that often targets protection goals at the individual or population level, despite many 

habitats, such as isolated wetlands, containing multiple listed species spanning across taxa 

(e.g., plants, crustaceans, amphibians). Therefore, it is intuitive that ERAs focused on 

community-level protection as the endpoint provides a potential to protect multiple listed 

species across diverse taxa with one process.

The ERA process for conservation of ES is considerably less defined than that of listed 

species. The US EPA Risk Assessment Forum only recently added ES endpoints to a list of 

generic endpoints for ERA (USEPA, 2016a) with the goals of expanding the value of ERA 

in environmental decision making and improving the communication of risks to stakeholders 

(Munns Jr. et al., 2015). However, inclusion of ES endpoints is considerably less straight-

forward, as additional analytical steps are required to link data typically available to risk 

assessors to ES. The classification of ES involves the designation of final ES that provide 

direct benefits to society and human well-being (e.g., the benefits of crop pollination 

realized by farmers), intermediate ES that are not used directly by beneficiaries but 

contribute to final ES (e.g., the environmental conditions necessary to support pollinator 

populations), and service providing units (SPUs), which are the ecological units from which 

ES originate (e.g., the pollinator populations). Ecological production functions are 

quantitative relationships between SPUs and stressors or management decisions that can 

alter SPUs. These production functions may not be linear or correlated with one another and 

can vary both spatially and temporally (Rodríguez et al., 2006). One of the largest challenges 

in using ES as endpoints in ERA is linking data that are commonly provided in support of 

ERAs with production functions, SPUs, or intermediate and final ES (Forbes et al., 2017). 

As such, frameworks and case studies are emerging to begin working through this challenge 

(e.g., Faber and van Wensem, 2012; Forbes et al., 2017; Galic et al., 2012; Nienstedt et al., 

2012).

We propose a unified ERA process that evaluates the risks to all species which rely on a 

critical habitat and the ES services it provides using isolated wetlands as an example. 

Unique geographical and hydrological features are emblematic of isolated wetlands across 

all regions and we suggest that these characteristics can be used to standardize an approach 

to improve ERAs to be protective of the isolated ecosystems, including all listed species that 

rely on or occupy them. In our approach, a protection community (e.g., all listed species and 

SPUs occurring within the area of concern) is identified and co-occurrence, exposure, and 

effects information pertaining to these species is gathered in an initial scoping effort. Traits 

of the species within the protection community are considered along with community 

dynamics, co-occurrence, exposure, and effects information in a Weight of Evidence (WoE) 

to identify focal species within the protection community. The focal species are the species 

that can then be targeted for a definitive ERA that is protective of the entire community (Fig. 

1). We demonstrate this approach using case studies of vernal pools in the California Central 

Valley and Carolina bays in the Southeast US.
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2. Community-level protection goals

Protection goals are determined in the problem formulation stage of ERAs by risk assessors 

and risk managers to define the objective of the assessment. For general ERAs that may be 

applied to non-specific locations, protection goals may be as broad as ensuring that 

chemicals will not pose any unreasonable risks to plants, wildlife, and the environment. 

Protection goals are met through the evaluation of assessment endpoints, which are 

measurable attributes used by decision makers to evaluate chemical hazards. Assessment 

endpoints are limited to available data or models and may be at the sub-organismal level 

(e.g., molecular pathways and adverse outcome pathways), the individual level (e.g., 

increased mortality, reduced reproduction, reduced growth), population level (e.g., 

population decline), or community level (e.g., taxa richness) (USEPA, 2016a).

The protection goal for an ERA involving a listed species is to avoid jeopardizing the 

continued existence of the species while avoiding excessive, adverse economic impact 

(NRC, 2013). Jeopardy occurs when an action directly or indirectly diminishes a species' 

abundance. Protection goals for listed species are straight forward and may be at the 

individual level for critically endangered species or at the population level where 

compensatory mechanisms may reduce the impacts of individual-level effects. Where listed 

species protection goals are at the population level, it must be demonstrated that impacts will 

not appreciably reduce the survival and recovery of the species. Assessment endpoints for 

listed species may include any evidence that the contaminant will result in harming an 

individual, including altering behavior that may affect foraging, sheltering, and breeding 

success. Protection goals for listed species extend to all locations of its critical habitat, even 

if individuals are not currently observed in a specific critical habitat. Since the goal of the 

ESA is to de-list the species, protecting its critical habitat even in the absence of individuals 

is essential to secure the potential for recovery. Under this protection goal, ERAs need to 

ensure that critical habitat maintains the biological integrity required for individuals of listed 

species to sustain or increase their populations or recolonize their critical habitat.

Protection goals for ES-based ERAs are to sustain the natural resources that provide ES. 

These goals are beneficiary-specific, habitat-specific, and require knowledge of the relevant 

stakeholder groups as well as an understanding of the ES provided and how they may be 

impacted by chemical stressors (Maltby et al., 2017). Nienstedt et al. (2012) provides a 

conceptual framework for identifying protection goals for ERAs using ES that involves: 1) 

listing ES of the habitat, 2) identifying which ES could be affected by chemical 

contaminants, 3) identifying the key drivers of those ES, and 4) developing protection goals 

for each key driver. There also have been calls for participatory stakeholder engagement to 

be part of the identification process (Munns Jr. et al., 2015). Generic ES assessment 

endpoints have been recommended by the US EPA Risk Assessment Forum and include 

quantitative metrics such as mass of wood produced, amount of food produced, volume of 

ground water recharged, and extent of crops pollinated, to name a few (Munns Jr. et al., 

2015; USEPA, 2016a). These endpoints are more difficult to assess using data typically 

available to risk assessors (e.g., molecular initiating events, organism-level laboratory 

responses) and require models to translate available data into production functions. Such a 

process requires linking models across various levels of biological organization from 
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molecular, to individuals, to populations, to SPUs, and finally to quantitate changes in the 

SPU to changes in the ES (Forbes and Galic, 2016; Galic et al., 2012). An ES approach to 

setting protection goals is one that is highly anthropocentric and utilitarian (Maltby et al., 

2017). On its own this could put assessment and protection of ES in conflict with assessment 

and protection of listed species. However, the purpose of the approach outlined here is to 

identify, incorporate, and demonstrate ES thinking into a community-level ERA approach 

that will strengthen the protection goals while articulating benefits that might not otherwise 

be considered (Munns Jr. et al., 2015). Because of this, ES is a useful concept for facilitating 

communication between risk assessors, risk managers, and stakeholder groups and can be 

used to explore additional benefits that accrue alongside protection of listed species.

We propose that community-level protection goals can be developed that avoid jeopardizing 

listed species while maintaining the natural resources that support ES. These goals require 

the identification of a protection community (Section 3) along with an initial review of co-

occurrence, exposure, and effects information (Section 4). Interactions among members of 

the protection community are depicted in conceptual diagrams to identify dependent 

relationships among community members. A WoE approach uses information obtained on 

co-occurrence, exposure, effects, and community dynamics to reduce the protection 

community down to one or two focal species for which more intensive data analysis can be 

performed to establish hazard levels or mitigation goals (Fig. 1).

3. Identifying the protection community

For California vernal pools and Carolina bays, we identified all listed species that have been 

documented to either use the habitat or rely on it as a critical habitat through review of 

literature (e.g., Tiner et al., 2002) and habitat conservation plans (USFWS, 2005). All 

species that were identified from this search as protected under federal or state law, as well 

as those identified as special concern, were confirmed using the USFWS and respective state 

conservation agency websites (Supplemental Information A). In a second approach to 

identify and verify listed species for each wetland type, state conservation websites were 

reviewed for species that were likely to occur in the system based on life history (e.g., 

amphibian life cycle) and habitat usage. For every species identified, a literature review was 

performed to determine if there was documented evidence of occurrence in the respective 

wetland. All federal and state listed species for which California vernal pools or Carolina 

bays is considered critical habitat were identified, as well as any whose geographic range 

obtained from FWS service websites over-lapped with the respective wetland distribution if 

the species could use the habitat for life support. For example, listed wading birds that may 

use the wetland for food but do not solely rely on it were included. Supplemental 

Information A provides the full list of protected species and species of concern for 

California vernal pools and Carolina bays.

The ES provided were identified for each wetland type. To properly identify the relevant ES 

for a community-based risk assessment approach, two aspects of ES were considered: the 

benefits or services that are being produced by the wetland and the stakeholder groups that 

are present or otherwise interacting with the wetland in order to receive those benefits. To 

address the first aspect, we started with the ES identified by Maltby et al. (2017) followed by 
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a literature review for services by wetland type. In many cases, direct reference to an ES was 

completely lacking, in which case internet searches were performed to identify the potential 

for a service to be provided for each of the isolated wetlands. The Final Ecosystem Goods 

and Services Classification System (FEGS-CS) was then used to find likely environmental 

attributes of concern for each beneficiary type (Landers and Nahlik,2013). The combination 

of these attributes and the habitat's service potential was used to identify the SPUs to the 

closest taxonomic level possible. In some cases, ES and/or SPUs were based on best 

professional judgement. This process is presented in Box 1. The list of ES provided by 

California vernal pools and Carolina bays is presented in Table 1 and their SPUs and 

associated references are provided in Supplemental Information B. The list of ES in Table 1 

should be considered a starting point and should be further refined with the scope of each 

assessment and regionally-specific knowledge and the stakeholder groups.

For each case study, the interactions among members of the protection community are 

depicted in conceptual diagrams to identify dependent relationships among community 

members (Section 5). Visualization of the protection community dynamic is important to 

identify species or traits-based groups that provide critical ecosystem functions that will 

inform the lines of evidence described in Section 4.4. We do not prescribe a rigid structure 

for the conceptual diagrams, as noted by two different approaches used in the case studies in 

Section 5; however, diagrams should represent elements that are important to the habitats 

and aid in communication to stakeholders.

4. Data analysis

Data limitations are the principal source of uncertainty in all ERAs, particularly for listed 

species, and gaps between available metrics and their linkage to ES is a noted challenge 

(Forbes et al., 2017). The analysis phase of an ERA is typically separated into the exposure 

and effects analyses, which are integrated and evaluated during risk characterization as the 

co-occurrence of contaminant and receptor (USEPA, 1992). In our process, the potential for 

co-occurrence should be established prior to data-driven exposure and effects analyses to 

identify focal species, as described below in Section 5. Given the ephemeral nature and 

limited geospatial information on isolated wetlands, approaches for determining co-

occurrence with chemical contaminants is discussed here as the first-tier analysis. This is 

followed by approaches for estimating exposure, modeling potential effects (including 

evaluation of chemical mode of action), and applying weight of evidence to achieve the 

protection goals of isolated wetlands exposed to various contaminants.

4.1. Co-occurrence of protection community and contaminant of concern

The co-occurrence of chemical contaminants and members of the protection community 

needs to be considered both spatially and temporally. For isolated wetlands, spatial co-

occurrence is determined by the proximity of the wetland and sources of contaminants and 

must consider runoff and atmospheric drift potential. Spatial co-occurrence should be 

determined within the study area by first establishing as precise a study location as possible, 

then searching for GIS data on isolated wetlands in that area. The US Fish and Wildlife 

Service hosts the National Wetlands Inventory (NWI) dataset which provides wetland 
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locations since the mid-1970s to the public and decision-makers, (https://www.fws.gov/

wetlands); however, not all isolated wetlands are represented in the NWI. The NWI's 

minimum mapping unit varies among regions from 0.2 to 1.4 ha which excludes many small 

isolated wetlands. Photointerpretation of wetlands for the NWI is confounded by leaf cover 

in spring-summer photographs and is generally more difficult for forested wetland types 

(Tiner, 1997). Since 2010, the NWI Plus has improved functional assessment information for 

wetlands by incorporating descriptors such as water flow path and waterbody type to allow 

wetland position within the landscape and watershed to be better understood (Tiner, 2010). 

Isolated wetlands in certain areas of the US have been analyzed in greater depth using 

remote sensing techniques and GIS resources, resulting in higher estimates of wetlands 

compared to the NWI alone (Vance, 2009; Lane and D'Amico, 2016).

Temporal co-occurrence of contaminants and ecological receptors depends on the 

application, fate, and transport of the contaminant as well as the life history and behavior 

(e.g., migration) of the receptor. This may be evaluated prior to exposure modeling and used 

to prioritize exposure modeling scenarios. For example, the timing of pesticide exposure 

with bird nesting is critical in understanding long-term impacts to bird populations (Bennett 

and Etterson, 2009). Temporal co-occurrence is especially challenging with isolated 

wetlands because their seasonal changes in hydrology result in different ecological 

communities being present at different times of the year. For example, cycles of pooling and 

drying of ephemeral wetlands are based primarily on the precipitation regime of the region, 

though groundwater exchange as well as runoff can contribute to water levels in some areas 

(Brooks, 2005). As such, temporal co-occurrence of the habitat and chemical contaminants 

needs to consider the life cycle and migratory behavior of resident and non-resident species 

in the protection community as they correspond to various stages of inundation.

4.2. Estimating chemical exposure

Exposure pathways are dependent on the physiochemical properties of the contaminant as 

well as the environmental factors of the region within which the habitat is located. For 

isolated wetlands, the principal sources of hydrology are precipitation and runoff, although 

there can sometimes be groundwater contributions (Brooks, 2004; Zedler, 2003; Rains et al., 

2006; Pyzoha et al., 2008). Runoff and erosion can redistribute contaminants deposited into 

isolated wetlands from other pathways, including near-term spray drift, longer-range 

atmospheric transport, and aquatic point sources. Receptors may be exposed to contaminants 

through relevant media (aqueous and sediment) and food web exposures. Estimated 

Exposure Concentrations (EECs) are derived via modeling and/or monitoring. Because 

understanding exposure in isolated wetlands is critical to identifying spatial and temporal 

co-occurrence, we discuss various approaches that may be used in this context below. Not all 

models presented below are cited in the following case studies.

Monitoring data are advantageous because they provide a direct measurement of the 

concentration in the media at a particular time and location, but may not consistently be 

available at many sites or may not have been collected during times of peak field 

concentrations. Monitoring data are limited and do not typically provide relevant temporal 

and spatial resolution that conform to robust statistical designs. However, databases such as 
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the USEPA's Toxic Release Inventory (TRI; USEPA, 2018a; https://www.epa.gov/toxics-

release-inventory-tri-program), USEPA's National Wetland Condition Assessment (NWCA; 

USEPA, 2018b; https://www.epa.gov/national-aquatic-resource-surveys/nwca), USEPA's 

Water Quality Data (WQX; https://www.epa.gov/waterdata/water-quality-data-wqx), USGS 

National Water Quality Assessment Program (NAWQA; https://cida.usgs.gov/nawqa_www/

nawqa_data_redirect.html?p=nawqa), and the California Pesticide Use Reporting (PUR; 

https://www.cdpr.ca.gov/docs/pur/purmain.htm) may provide substantive information to 

assist in developing EECs. Sediment EECs are more static over time and are more likely to 

be directly estimated from monitoring data.

Models are often used to develop EECs for isolated wetlands regardless of whether field data 

are available due to their ability to estimate concentrations at times and places where field 

data are lacking. Ground-water linkages are key when considering exposure models for 

hydrologic transport of chemicals entering an isolated wetland. If there is little or no 

groundwater exchange, a model which includes runoff, sediment transport via erosion, and 

shallow subsurface and/or simplified groundwater fluxes is typically sufficient. Two popular 

semi-distributed watershed hydrologic and water quality models have been modified for use 

with isolated wetlands: The Soil and Water Assessment Tool (SWAT; Neitsch et al., 2005) 

and the Hydrological Simulation Program - FORTRAN (HSPF; Bicknell et al., 2001). In 

addition to hydrological models, more simplified aquatic fate and transport models can be 

applied to isolated wetlands when hydrologic data is scarce (e.g., Pesticide in Water 

Calculator [PWC]; Young, 2016). A groundwater flow model such as the US Geological 

Survey's MODFLOW (McDonald and Harbaugh, 1984) may also be applied where 

groundwater plays an important role in habitat hydrology. Groundwater models such as 

MODFLOW can be coupled with surface watershed models such as SWAT to simulate 

interactions between upland/surface flows and groundwater flow. However, coupled surface 

water-groundwater models are challenging to parameterize and typically require extensive 

field data, which may be a key limitation for use on isolated wetlands (Golden et al., 2014).

Pesticide drift processes for may occur over relatively short distances (e.g., 1000s of feet 

from application site) or as long-range transport via atmospheric drift. Shorter range drift 

can be modeled using AgDRIFT (Teske et al., 2002; Bird et al., 2002) and Agricultural 

DISPersal (AgDISP; Bilanin et al., 1989). Risk assessments that require longer-range 

deposition estimates suffer parameterization problems as they scale, and therefore typically 

rely on monitoring data for assessing long-range transport potential or relatively simple box 

models (Scheringer, 2015) approaches to capture transport. Models such as Globo-POP 

(Wania and Mackay, 1999), CliMoChem (Scheringer et al., 2004) and BETR-Global 

(MacLeod et al., 2005) have been developed for relating global organic chemical loadings to 

concentrations in relevant media and can be a point of departure for contaminant loading in 

isolated wetlands.

Food web models vary by habitat type and receptors of interest, and may be limited to the 

direct use of bioaccumulation factors to estimate the transfer of contaminants through 

components. There are many available models that predict EECs based on terrestrial 

(Armitage and Gobas, 2007; Kelly et al., 2007; Gobas et al., 2016) and aquatic (Mackay and 

Fraser, 2000; Arnot and Gobas, 2006) bioaccumulation principles. The primary 
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consideration when tailoring these models for use in specific ecosystems is the selection of 

appropriate species. Aquatic bioaccumulation models are generally well-accepted and 

typically based on bioconcentration factors (BCFs), bioaccumulation factors (BAFs), and/or 

octanol-water partition coefficients (Kows), all of which are measures of partitioning 

between biota and water. The Comprehensive Aquatic Systems Model (CASM) (DeAngelis 

et al., 1989; Bartell et al., 1999) is a mass-balance aquatic food web modeling platform that 

has been used to identify the potential exposure for a variety of aquatic ecosystems. 

AQUATOX can predict the fate of organic chemicals and designate multiple trophic levels to 

simulate complex food webs. It simulates multiple environmental stressors in addition to 

chemicals (e.g., nutrients, temperature) and handles algal, macrophyte, invertebrate, and fish 

communities (USEPA, 2014; Yang et al., 2012). The Three-phase Ecological Food Web 

Analysis (TEFWA) (Preziosi and Pastorok, 2008) guides users through a process to 

construct a food web for risk assessment purposes, which may allow for a customized 

implementation that accounts for receptors and interactions within isolated wetlands. 

Attempts to transfer these aquatic-derived approaches to terrestrial models has been shown 

to be problematic as many chemicals have different bioaccumulative properties in aquatic 

versus air-breathing organisms.

4.3. Effects characterization

Limited effects data are confounding in ERAs, particularly for listed species and critical 

habitat assessments. The unique species composition of isolated wetlands requires the 

application of effects modeling and approaches beyond the use of surrogate species test data 

for protecting both listed species and ES. Common surrogate species (e.g., rainbow trout, 

fathead minnow, bobwhite quail, common rat) do not naturally occupy isolated wetlands, 

sufficiently relate to the benefits provided by ES, or adequately represent the species adapted 

to the unique features of these habitats that comprise their protection communities 

(Supplemental Information A and B). Additionally, there are significant gaps in the methods 

available to estimate effects from various exposure routes, such as dermal exposure for 

wading birds and other vertebrates that submerge in aquatic habitats. Regardless, effects data 

collection for community protection goals will follow the same processes used for other 

ERAs: 1) collection and evaluation of the most reliable available data for all possible 

ecological receptors (including incidence reports), 2) understanding the Adverse Outcome 

Pathway (AOP; Ankley et al., 2010) of the contaminant to the extent that it is available, 3) 

application of models to evaluate susceptibility and sensitivity of untested taxa (e.g., Lalone 

et al., 2013; Raimondo et al., 2010; USEPA, 2014; USEPA, 2017), and 4) development of 

Species Sensitivity Distributions (SSDs) from measured or extrapolated effects data.

In addition to these steps, our approach employs traits that influence susceptibility for each 

species in the protection community. Traits are characteristics that influence a population 

and may be at the individual (e.g., diet, body size), the population (e.g., life span, 

reproduction strategy), or landscape levels (e.g., dependency on hydroperiod) (van den Brink 

et al., 2013). Traits may be taxa-specific (e.g., bimodal life history of amphibians) or be 

shared across broad taxonomic groups (e.g., insectivorous diet). For their application here, 

we focus on traits that influence the vulnerability of each species relative to its potential co-

occurrence with chemical stressors, inherent sensitivity, and potential routes of exposure. We 
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use traits to aggregate species within the protection community into traits-based species 

groups that will be used in the weight of evidence approach described below. These traits 

will be specific to each ERA as they will be identified by relevant factors defined in the 

problem formulation stage of each assessment (e.g., type of contaminant, source of 

contaminant). The development of traits-based species groups is demonstrated in the case 

studies.

4.4. Weight of evidence

A well-designed WoE approach justifies decisions and clearly communicates findings to a 

wide range of audiences while increasing confidence in, and defensibility of, the ERA 

(Rhomberg et al., 2013; USEPA, 2016b). WoE approaches typically include three elements: 

1) identifying and assembling relevant evidence as discussed in the previous exposure and 

effects sections, 2) evaluating the strength, reliability, and relevance of the available 

evidence through the most objective and repeatable process possible, and 3) integrating and 

interpreting that evidence (USEPA, 2016b). Here, a WoE approach is used to identify the 

species or group of species in the protection community that will be either most susceptible 

to impacts from contaminant exposure and/or otherwise serves as a critical species in the 

dynamic of the community and the contaminant (referred to here as focal species). The WoE 

pro-cess at this step will demonstrate, based on the evidence collected on exposure routes, 

species susceptibility, and community dynamics, that protecting the focal species will 

protect the remaining community members (Lambeck, 1997). The WoE approach is 

traditionally used in ERA to determine data acceptability and integration for risk 

characterization and has been described thoroughly elsewhere (USEPA, 2016b). Here, we 

will demonstration an additional application of WoE to identify the focal species of the 

protection community for which protection goals should be targeted.

WoE approaches are used to evaluate the support of a set of alternative causal hypotheses 

(USEPA, 2016b). In a typical ERA, the alternative hypotheses may be H0: the stressor is not 
likely to affect the species of concern and H1: the stressor is likely to affect the species of 
concern. When applying the WoE in this critical habitat approach, there is a much wider set 

of alternative hypotheses (e.g., H1: the stressor is likely to affect listed species A; H2: the 
stressor is likely to affect listed species B; H3: the stressor is likely to affect SPU species C; 

etc.) encompassing the stressor's potential to cause an effect on any species of concern and 

the null hypothesis would be correspondingly narrower, e.g., H0: the stressor is not likely to 
affect any of the species of concern in the habitat. Our approach allows regulators to avoid 

spending time on those hypotheses supported by weak or conflicting evidence and base their 

decisions on those hypotheses that are most strongly supported. In this process, the 

collective hypotheses pose the question: Which species in the protection community will 
preserve the biological integrity of the habitat such that no likely adverse effects will occur 
for the remaining species? To identify these species, we consider the lines of evidence listed 

in Box 2. These lines of evidence should be considered for both the parent contaminant as 

well as its metabolites and/or degradation products or separate toxic components (e.g., 

mixtures).
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5. Case studies

5.1. Chlorpyrifos in California vernal pools

This case study focuses on chlorpyrifos exposure to vernal pools located in the California 

Central Valley. Chlorpyrifos is an organophosphate insecticide applied in the Central Valley 

to a wide variety of food crops, forage fodder crops, tree nuts, field crops, and fruits. 

Chlorpyrifos is applied directly to sites as part of integrated pest management strategies and 

is relied on to control alfalfa weevil, ants, plant bugs, aphids, and whiteflies on alfalfa, 

almonds, citrus, and cotton (CDPR, 2014). The California Department of Pesticide 

Regulation (CDPR) reported over 40,000 lbs. of chlorpyrifos use in the Central Valley in 

2016, with the peak application period occurring between May and August (CDPR, 2018). 

In 2017, the USEPA submitted a national-scale biological evaluation (BE) for chlorpyrifos 

and determined that most listed species and critical habitats, respectively, are likely to be 

adversely affected by its application based on the action area, its potential distribution, and 

toxicity (USEPA, 2016c). This case study builds off that BE to demonstrate the application 

of the community-level process described here for California vernal pools.

California vernal pools are characterized by a wet phase, when soils become saturated from 

rain and/or snowmelt and the pool becomes hydrated (November–April), a terrestrial or 

flowering phase, during which the pool begins drying and endemic, flowering plants emerge 

(April–May), and a dry phase, during which egg, cyst, spore, and seed life stages occur 

(May–November) (USFWS, 2005). The geomorphology of vernal pools makes them insular 

where they occur, with sharply defined boundaries marked by unique, endemic vegetation 

that distinctly separates them from surrounding areas (Holland and Jain, 1981). The 

protection community for these wetlands is depicted in Fig. 2, with species and taxa-specific 

information for listed species and SPUs provided in Supplemental Information A and B, 

respectively. As demonstrated in Fig. 2, the species or taxa within the protection community 

interact with each other, although many species are active only during one phase of the 

vernal pool. The protection goals used for this case study are to maintain the biological 

integrity of the system such that there are no likely adverse effects to listed species or SPUs.

We used the Central Valley vernal pool geospatial data and California's Pesticide Usage 

Reporting (PUR) Database (CDPR, 2018) to determine the spatial co-occurrence of 

chlorpyrifos application near vernal pools. The vernal pool data was developed by a location 

shapefile (http://www.vernalpools.org, accessed March 13, 2017, Witham et al., 2014) that 

was buffered to 5 km in ArcMap v10.4. By employing a 5 km buffer around vernal pool 

habitats, this screening analysis demonstrates potential exposure of vernal pool species on a 

conservative spatial scale given long-range environmental transport of chlorpyrifos (Mackay 

et al., 2014). The 2016 PUR data for chlorpyrifos, which included application to agricultural 

lands and non-agricultural areas by commercial appliers, was summed by Section unit of 

COMTRS (County-Meridian-Township-Range-Section) and then joined by Section to Public 

Land Survey System COMTRS shapefile (https://www.cdpr.ca.gov/docs/emon/grndwtr/

gis_shapefiles.htm, accessed November 18, 2016). The chlorpyrifos-by-COMTRS shapefile 

was extracted by the 5 km vernal pool buffer using Arcmap “Clip” tool. Almost 6000 

pounds of chloropyrifos was applied to crops within 5 km of any vernal pool feature. The 
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2016 US Department of Agriculture's Cropland Data Layer or CDL (https://

www.nass.usda.gov/Statistics_by_State/index.php, accessed July 17, 2018) was also 

extracted by the 5 km vernal pool buffer. When mapped with vernal pool networks, crops 

that are labeled for chlorpyrifos application are closest to pools in Tehama, Butte and Yuba 

counties in Northern California, and pools in San Joaquin, Stanislaus, Merced and Madera 

counties in central California (Fig. 3). This analysis did not account for errors in the CDL.

Chlorpyrifos EECs were calculated to determine if there was potential for any estimated 

exposure of chlorpyrifos to vernal pools to evaluate spatial and temporal co-occurrence. The 

EECs were estimated using the Pesticide in Water Calculator (PWC) for vernal pools in 

Merced County, CA (Sinnathamby et al., In review). In brief, EECs were simulated by 

parameterizing PWC (version 1.59) for three agricultural vernal pool watersheds located in 

the San Joaquin River basin in the Central Valley of California. Among watersheds, 

simulated EECs varied with crop type, crop acreage, soil, application rate, application 

method etc. Simulated highest daily averages maximum EECs of chlorpyrifos were 13.06 

and 6.79 ppb with levels that exceeded the USEPA benchmark for chlorpyrifos (0.04 ppb; 

USEPA, 2016c) in for 93 and 94% of days when applied to dormant almonds and grains 

(oats, winter wheat and barley), respectively. Maximum EECs were obtained when 

chlorpyrifos was applied during the dormant season (in almonds) or as a pre-planting soil 

treatment (in grains). The application methods during these crop scenarios were inferred 

using section-level application dates (CDPR, 2018) and are described in detail in 

Sinnathamby et al. (In review).

Chlorpyrifos effects were determined through evaluation of the AOP for acetylcholinesterase 

(AChE) inhibitors, evaluation of species susceptibility, and measured data. The molecular 

target of chlorpyrifos is AChE, which is present in vertebrate and invertebrate animal 

species. In the mechanism of action, ACh is blocked from binding to and being degraded by 

AChE, which results in unregulated excitation at neuromuscular junctions that cause 

neurotoxic symptoms (e.g., increased respiration, seizures, bradycardia) that can lead to 

mortality (Russom et al., 2014). Predictions of species susceptibility using Sequence 

Alignment to Predict Across Species Susceptibility (SeqAPASS) showed widespread 

susceptibility across the animal kingdom, while plants, fungi, and micro-organisms (e.g., 

protozoan) were less susceptible (Doering et al., 2018).

The species within the protection community were grouped into traits-based species groups 

based on broad taxonomic categorization, knowledge of the AOP and predicted species 

susceptibility, and potential routes of exposure. Listed species and SPUs may be included in 

the same traits-based group, as was done for plant groups and Lepidoptera in this example 

(Table 2). For the initial assessment of species susceptibility and sensitivity used in the WoE 

approach to identify focal species, we used the effects data obtained from the USEPA 

biological evaluation for chlorpyrifos and recent studies on adverse outcome pathways of 

AChE inhibitors (Doering et al., 2018; Russom et al., 2014; USEPA, 2016c).

The weights for each line of evidence for each traits-based species group are presented in 

Table 2. Weights were assigned as high (+++), medium (++), low (+), or no evidence 

available (0). Since there is the potential for chlorpyrifos to be applied in the Central Valley 
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year-round, all species had a medium to high weight for temporal co-occurrence, with a 

higher weight given to those species that are present during the peak application period 

(May–August). Higher weights were assigned for exposure pathways to species occupying 

the vernal pools full time (e.g., algae, cyst forming crustaceans). Since chlorpyrifos has low 

bioaccumulation potential, lower weights were applied to species that might encounter 

chlorpyrifos only via food web exposure routes and a weight of zero was applied to higher, 

opportunistic trophic groups that do not use vernal pools as habitat and do not rely on vernal 

pool species for food. Susceptibility to chemical mode of action were based on Doering et 

al. (2018). Demonstrated sensitivity was based on the availability and value of toxicity 

effects data available from USEPA (2016c), with higher weights given to relatively sensitive 

organisms in their respective habitats (aquatic, terrestrial) and no weight given to taxa where 

no toxicity data were available. Traits that increase susceptibility included permeable skin 

(e.g., amphibians) or behavior that increases potential for exposure (e.g., pollinators visiting 

multiple plants on which potential drift may occur). Traits that provide critical ecosystem 

function include primary production, nutrient cycling, and pollination. Lines of evidence for 

providing habitat and food for other members of the protection community were based on 

community dynamics of vernal pools (Zedler, 1987; USFWS, 2005) and do not include other 

species outside of the protection community. Indirect effects via food web consider whether 

a species food source, regardless of its inclusion in the protection community (e.g., 

insectivorous birds) would be impacted. Lastly, high weights were assigned to Hymenoptera 

(e.g., honey bees) and amphibians for the line of evidence for vulnerability to additional 

non-chemical stressors, due to their susceptibility to varroa mites and chytrid fungus, 

respectively.

Based on the weights assigned to the lines of evidence, Lepidoptera and Hymenoptera 

represented the focal taxa for the terrestrial and dry phase species; cyst-forming crustaceans 

were the focal species for aquatic phase species. Although bimodal amphibians could also 

be included as a focal species for the aquatic phase based on the WoE, we identified cyst-

forming crustaceans as the focal species because available toxicity data demonstrate that 

they are more sensitive than amphibians (USEPA, 2016c), and a focus on this group will 

provide protection for amphibians as well. Following identification of the focal species, 

exposure and effects data would be integrated for these species to characterize risk to the 

community. As an example, USEPA (2016c) contained three acute mortality data points for 

cyst-forming crustaceans in the families Thamnocephalidae (Thamnocephalus platyurus; 

LC50 = 0.52 μg/L) and Streptocephalidae (3.48 and 8.25 μg/L). Because no data were 

available for any of the focal species families (Branchinectidae, Triopsidae; Supplemental 

Information A), the Web-based Interspecies Correlation Estimation (Web-ICE; https://

www3.epa.gov/ceampubl/fchain/webice, accessed 7/27/2018; Raimondo et al., 2015) was 

used to estimate sensitivity to the family Branchinectidae (1.29 μg/L, confidence interval 

0.227–7.40 μg/L) using the value obtained for Thamnocephalus platyurus reference above as 

a surrogate. Web-ICE contains log-linear regressions developed from existing data that 

predict an acute value of an untested species from a surrogate (Raimondo et al., 2010). A 

single data point was available for a butterfly in the family Nymphalidae (0.25 kg/ha) while 

several studies reported toxicity to bees at levels orders of magnitude lower than that 

reported for the butterfly (0.05 kg/ha; USEPA, 2016c). Since the measured effects endpoints 
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for the focal species are less than the maximum EECs modeled, an additional WoE approach 

may be applied to the available data for bees and cyst-forming crustaceans to evaluate data 

reliability and robustness to complete the risk characterization of this case study. As this 

case study does not represent a final risk assessment of chlorpyrifos in vernal pool 

communities, final uncertainty analysis of exposure and effects information used here is not 

within the scope of this example.

5.2. Coal ash in Carolina bays

This case study focuses on coal ash deposited into Carolina bays in the southeast US 

(USEPA Region 4). Coal combustion is one of the principle processes used to produce 

energy in the US and produces approximately 110 million tons of residuals annually 

(Harkness et al., 2016; Rowe et al., 2002). Coal ash is the primary constituent of coal 

combustion residues; it is deposited into surface impoundments and landfills, is highly toxic 

to plants and animals, and leaches into ground water from disposal sites (Harkness et al., 

2016; Rowe et al., 2002). The principle contaminants in coal ash are heavy metals, which 

readily bind to sediment and are toxic to both plants and animals (Lance et al., 2012; Rowe 

et al., 2002). A historical precedent has been established using isolated wetlands, including 

Carolina bays, as settling basins to remove contaminants from effluent (Lance et al., 2012). 

The use of isolated wetlands for coal ash water filtration and the associated environmental 

impacts and remediation is well documented for the Savannah River Site (SRS) in Aiken, 

SC (Rowe et al., 2002). This case study utilizes data assembled from SRS and represents a 

scenario in which the contaminant is introduced into the environment to obtain an ES (water 

purification via adsorption to sediment and uptake by biota) that is contrary to the protection 

of vulnerable populations. In scenarios such as these, assessments will inform management 

of effluent treatment to minimize impacts to focal species prior to establishment, as well as 

remediation of legacy sites that are no longer able to support diverse communities.

Carolina bays are elliptical depressions located from New Jersey to northern Florida with 

distinct geologic boundaries separating them from surrounding uplands. Many Carolina bays 

are ephemeral, with inundation and water levels dependent on rainfall and 

evapotranspiration rates, resulting in a community of diverse species that are well adapted to 

the habitat and its surrounding ecotome (Sharitz, 2003). Due to their size and diversity, 

Carolina bays support a large number of listed species and SPUs. The protection community 

and the interactions among species is depicted in Fig. 4, with species and taxa-specific 

information for listed species and SPUs provided in Supplemental Information A and B, 

respectively. In this case study, protection goals are to determine a threshold by which 

mitigation efforts may be targeted to increase the biological integrity of the system to 

support vulnerable populations.

Since coal ash is a point-source pollutant, determining the spatial co-occurrence of 

contaminant and Carolina bays is more straight forward than it is for non-point source 

contaminants. For example, on the SRS, coal ash both passively flows into Carolina bay 

systems (e.g., Dunbarton Bay; Lance et al., 2012) and is actively pumped into a series of 

settling ponds and wetlands prior to entering the Savannah River watershed (Rowe et al., 
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2002). In these cases, spatial co-occurrence is simplified to physical overlap of the coal 

plume and the Carolina bays.

Heavy metals have been measured in the surface water, sediment, and biota of SRS 

impoundments (Rowe et al., 2002). Twenty-one metals were identified as constituents of 

concern, with arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr), copper (Cu), 

selenium (Se), lead (Pb), and mercury (Hg) identified as the most common contaminants in 

Carolina bay surface water and sediment (Lance et al., 2012; Rowe et al., 2002; RTI, 2007). 

Rowe et al. (2002) compiled a review of the ecotoxicological implications of coal ash 

combustion and reported the following relative occurrence data for As, Cd, Cr, Cu, Pb, and 

Se measured on SRS basins: As was found in the highest concentration in settling basin 

surface water, followed by Se and Cu; As and Cu were found in the highest concentrations 

in sediment, followed by Se and Cr; all were reported in overlapping ranges in plant tissue; 

all were reported in animals, with the majority of studies reporting on Se, which was 

typically in the highest concentration in animal tissue when other metals were detected. 

Levels of As and Cu in biota were also reported in relatively high concentrations in some 

studies.

While metals were measured in plant tissues from SRS sites, little is documented on 

potential adverse effects. Conversely, plants are noted for their tolerance to heavy metals 

with multiple lines of defense engaging prior to the synthesis of stress-related proteins and 

signaling molecules (Manara, 2012). To assess the relative sensitivity of animal taxa to the 

three metals that were reported in the highest concentrations in water, sediment, and biota 

(As, Cu, Se), the Web-based Interspecies Correlation Estimation (Web-ICE; https://

www3.epa.gov/ceampubl/fchain/webice, accessed 8/07/18) application was used to either 

obtain a compilation of measured acute sensitivity or to predict acute sensitivity across a 

diversity of taxa. Web-ICE uses log-linear least square regressions developed from a 

database of existing acute toxicity to estimate sensitivity to aquatic organisms (EC/LC50) 

and wildlife (LC50) from the measured toxicity of surrogate species (Raimondo et al., 

2007,2010). Where Web-ICE did not provide sufficient sensitivity information for a 

taxonomic group, we referred to Rowe et al. (2002) to complete WoE process below. 

Assessment of relative species sensitivity was performed separately for aquatic and 

terrestrial species.

For aquatic species sensitivity to Cu, the Web-ICE database contained geometric mean acute 

values for 87 species (Supplemental Information C Table C-1). Tested species did not 

represent those found in Carolina Bays, so surrogate species were used to represent general 

sensitivity of traits-based groups. The Web-ICE database contained toxicity data for 10 

aquatic species exposed to As, which were used as surrogate species to predict toxicity to 58 

additional species using the Species Sensitivity Distribution (SSD) module ofWeb-ICE 

(Supplemental Information C Table C-2). The Web-ICE database contained toxicity values 

for 12 aquatic species exposed to Se, which were used as surrogates to predict sensitivity to 

49 additional species (Supplemental Information C Table C-3). For terrestrial animals, the 

Web-ICE database contained geometric mean acute sensitivity values for 5 bird species 

exposed to As, which were used to predict to 17 birds and 1 mammal species (Supplemental 

Information C Table C-4). The Web-ICE database contained acute toxicity for two birds and 

Raimondo et al. Page 15

Sci Total Environ. Author manuscript; available in PMC 2020 May 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://www3.epa.gov/ceampubl/fchain/webice
https://www3.epa.gov/ceampubl/fchain/webice


one mammal exposed to Cu, which were used to predict sensitivity of 21 birds and 6 

mammals (Supplemental Information C Table C-5). The use of Web-ICE in this case study 

was for screening level toxicity assessment. A final risk assessment of coal ash in Carolina 

Bays would include additional uncertainty analysis of the final data used for effects 

determination, which is not within the scope of this example.

The species within the protection community were grouped into traits-based species groups 

based on broad taxonomic group, diet, and habitat type (Fig. 4). Plankton included all 

phytoplankton and zooplankton. Plants were separated as monocots, herbaceous dicots, and 

woody dicots and all assumed to grow within the inundation boundaries of the wetland. 

Arthropods were only represented by terrestrial flying insects. Both bimodal amphibians as 

well as fully aquatic (unimodal) amphibians were within the protection community. Only 

aquatic-dependent reptiles were included in the protection community for that taxa. Birds 

were separated by diet and habitat. Bird diets included insectivorous, omnivorous, and 

carnivorous (including piscivorous species), which includes birds that eat both vertebrate 

and invertebrate prey. Their habitat types were lumped as swimmers (e.g., waterfowl), 

waders (e.g., egrets), and terrestrial (e.g., birds that hunt aquatic prey but spend the rest of 

their time in terrestrial habitats. Mammals were all primarily terrestrial insectivores or 

herbivores that were associated, but not dependent, on Carolina bays. Because Carolina bays 

contain a diversity of ES that will be important for stakeholder communication, inclusion of 

these services is depicted in the conceptual diagram of the protection community (Fig. 4).

The weights for each line of evidence of the traits-based species groups are presented in 

Table 3. Temporal co-occurrence was weighed high (+++) for groups that lived or hunted in 

the water as their primary habitat. Medium weights (++) were given for omnivorous groups 

who entered the wetland temporarily to obtain food or those whose diets included, but were 

not limited to, species within the wetland. Low weights (+) for temporal co-occurrence were 

assigned to those group that opportunistically use the wetland. Exposure pathway was 

weighted high for species that lived in wetland water or sediment or consumed organisms 

living in the wetland, with weights decreasing for groups that only opportunistically used the 

wetland. A weight of zero was assigned to terrestrial insects and insectivores that are 

unlikely to eat from or come in direct contact with the wetland water or sediment. Based on 

documented uptake of heavy metals in all taxa and their bioaccumulation potential, all 

groups were weighed high for susceptibility. Demonstrated sensitivity of metals was 

weighted lower for plants than animals based on their ability to assimilate high levels of 

metals without adverse effects (Manara, 2012). The SSDs developed for acute sensitivity of 

aquatic organisms exposed to Cu, As, and Se showed molluscs, aquatic arthropods 

(crustaceans and aquatic insects), and plankton as the most sensitive traits-based groups for 

all three metals (Supplemental Information C Fig. C-1). Of these, only plankton is listed in 

the protection community, so that group was weighted high for demonstrated sensitivity. 

Amphibians were in the middle to upper range of the SSDs, so were assigned a medium 

weight. Rowe et al. (2002) reported no mortality for aquatic-dependent reptiles collected 

from SRS sites, so this group was weighted with a low sensitivity. Sensitivity data to the 

selected metals were only available for omnivorous waterfowl, omnivorous terrestrial birds, 

herbivorous mammals, and omnivorous mammals. Based on their relative position in the 

SSDs, omnivorous mammals and omnivorous waterfowl were weighted with a medium 
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sensitivity while omnivorous terrestrial birds and herbivorous mammals were weighted with 

a high sensitivity (Supplemental Information C Fig. C-2). Other terrestrial traits-based 

groups were assumed to have similar relative sensitivity as other birds and mammals, so 

were assigned a medium weight for this line of evidence. Traits that were considered to 

increase susceptibility included living in the wetland for all or part of its lifecycle (e.g., 

amphibians) or carnivorous diets that relied on food items supplied by the wetland. Plants 

were assigned a negative weight for traits increasing susceptibility based on their adaptations 

that provide multiple lines of physiological defense against metal toxicity (Manara, 2012). 

Traits that provided critical ecosystem functions included providing food, habitat, and 

pollination for other members of the protection community. Weights were assigned for a 

groups potential to provide habitat and food for other species within the protection 

community based on the relationships depicted in Fig. 4. Since the contaminant of this case 

study has high bioaccumulation potential, all non-herbivorous animals had high weights for 

indirect effects via the foodweb, with medium weights assigned to omnivorous animals. Of 

the species within the protection community, the only ones that were assigned high weights 

for vulnerability to additional non-chemical stressors were amphibians, which are 

susceptible to chytrid fungus.

Based on the weights assigned to the lines of evidence, amphibians (both unimodal and 

bimodal) were identified as the focal species. Despite the higher, relative sensitivity of 

plankton in available laboratory measured studies, amphibians possess traits that increase 

their susceptibility to coal ash, are a critical component of the food web, and are vulnerable 

to pathogens and indirect effects via prey items not included in the protection community 

(Table 3). Managing mitigation goals to preserve and protect amphibian communities would 

involve reducing metal concentrations in Carolina bays to protect amphibians from sub-

lethal effects, including those imposed by a potential reduction in prey, their ability to 

forage, and functional alterations that may impact long-term survival (Raimondo et al., 

1998). Further analysis of amphibian effects data relative to exposure concentrations will 

provide a final risk characterization or mitigation goal that will be protective of the whole 

community.

6. Discussion

We demonstrate a community-level approach to protect critical habitat of isolated wetlands 

that also protects ES. Isolated wetlands are unique in that they often contain multiple species 

and taxa of concern in a single, spatially-explicit area. Many isolated wetlands, such as 

vernal pools and pond swamps, are subjects ofmulti-species recovery plans for conservation 

management (e.g., US Fish and Wildlife Service, 1998, 2005), supporting their protection 

under a multi-species risk assessment. The community-level approach demonstrated here 

targets critical habitat assessments and can reduce the time investment required of species-

by-species assessments while adding an ES perspective to demonstrate the value of the 

habitat beyond listed species concerns; essentially moving towards doing more, quicker, 

with less. Its targeted application is for habitat types that provide refuge for communities of 

listed species, as demonstrated by isolated wetlands. As a critical habitat approach, it can 

identify potential impacts to the isolated ecosystem that could affect a listed species through 

impaired ecosystem integrity that may not be observed in a species-specific assessment. The 

Raimondo et al. Page 17

Sci Total Environ. Author manuscript; available in PMC 2020 May 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



approach demonstrated here can be used at various levels of governance and will be 

particularly effective at regional, state, and local scales where protection communities can be 

more accurately defined for specific sites and stakeholders are more actively engaged in site-

specific assessments. While isolated wetlands are unique to their ecoregions (Tiner et al., 

2002), they share characteristics that make the approach demonstrated here transferrable 

across different types of isolated wetlands.

Hydrologic isolation is a keystone characteristic of isolated wetlands, which creates systems 

of rare, endemic species and makes estimating exposure concentrations challenging. As 

discussed here, several exposure models are well suited to estimate the EEC in isolated 

wetlands from runoff, drift, industrial point source, and food-webs (e.g., Armitage and 

Gobas, 2007; Neitsch et al., 2005; Young, 2016), with potential exposure from groundwater 

re-introduction and atmospheric transport and deposition less understood. Although 

atmospheric and groundwater inputs of pesticides remain largely unknown, pesticides are 

one of the most common chemical threats to isolated wetlands across regions (Tiner et al., 

2002), and the models described here remain widely applicable to estimate pesticide 

exposure concentration in all isolated wetland types. Similar to ERAs for pesticides, the 

disposal of wastewater (e.g., USEPA, 1993) or other point source pollution into isolated 

wetlands may also be well understood and modeled, allowing for the development of 

prospective ERAs or environmental impact statements. In cases of unintentional or 

accidental release of chemicals such as unpermitted discharges of metals, petroleum 

products and industrial pollutants as well as urban runoff, ERAs are most likely to occur 

retrospectively such that monitoring data may be used to determine concentration levels. All 

models will have advantages and disadvantages at different spatial and temporal scales and 

the use of any of the models discussed here should be considered on a case-by-case basis. 

The approach demonstrated here can be used to achieve mitigation goals by prioritizing 

effective mitigation efforts.

Although the species that occupy isolated wetlands vary across regions, the general 

taxonomic composition within them is somewhat consistent (Supporting Information A, B), 

as are the traits that allow species to persist in these highly variable environments. Traits 

such as desiccation-resistant dormancy (e.g., cysts, seeds), high levels of sensitivity to 

environmental cues, quick release from dormancy, and short maturation and reproduction 

periods are present in species that occupy ephemeral wetlands (Bliss and Zedler, 1997; 

Zedler, 1987; Zedler, 2003). These adaptations to the unique environmental conditions along 

with relative geographic and hydrologic isolation, have led to high rates of endemism in 

isolated wetland communities (Tiner, 2003; Zedler, 2003), making their populations 

particularly vulnerable to anthropogenic stressors. All isolated wetlands also are ecologically 

significant as important breeding sites for many amphibians, as the ephemeral nature of 

many precludes the establishment of predatory fish populations (Battaglin et al., 2009; Tiner, 

2003; Zedler, 2003). In addition to inherent species sensitivity, traits can be used to evaluate 

a population's susceptibility to chemical contaminants. The application of traits-based risk 

assessment approaches is becoming more widespread as a means by which to compensate 

for species-specific data deficiencies (Baird and Van den Brink, 2007; van den Brink et al., 

2013). As demonstrated by our case studies, traits-based species groups can be used to 

maximize the representativeness of available toxicity information.
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Isolated wetlands tend to be consistent in the ES they provide (Supporting Information B). 

Maintaining some ES can enhance the protection of listed species, and in some cases, such 

as the one demonstrated here for vernal pools, listed species make up most of the SPUs that 

deliver the ES. Alternatively, some ES are contrary to the protection of listed species and 

SPUs of other ES, such as the one demonstrated here for Carolina bays. Management 

practices that use isolated wetlands (e.g., pond swamps, Carolina bays) to treat wastewater 

intentionally introduce contaminants into the habitat to utilize the water purification 

properties of the sediments and plants (USEPA, 1993). As demonstrated in the case study of 

Carolina bays, coal ash has been previously discarded into the wetlands to filter heavy 

metals and other industrial contaminants prior to recharging ground water (Rowe et al., 

2002). This increases the exposure potential of contaminants, particularly for benthic 

organisms and those with increased potential for chemical absorption (i.e., amphibians), 

increasing risks to the unique communities within the Carolina bay ecosystems.

Characterization of chemical effects on ecological receptors is a source of significant 

uncertainty in ERAs stemming from limited data availability. This is particularly true for 

listed species, for which performing laboratory tests is either illegal, impractical, or requires 

permits that are time consuming to obtain. Understanding potential effects to ES is more 

complex as modeling impacts across multiple levels of biological organization is required 

(Forbes and Galic, 2016; Galic et al., 2012). Much of this uncertainty is due to the limited 

number of surrogate species to represent effects to diverse ecological communities. Even in 

the few cases of data rich chemicals, species diversity is poorly represented and 

extrapolation to targeted receptors is the only way to understand impacts to untested species. 

For the species that are tested, measured endpoints may be limited to acute estimates of 

lethal concentrations to 50% of tested organisms (e.g., LC50) or effects measured on 

survival, growth, or reproduction on longer term exposures, typically representing a single 

life cycle or less (i.e. partial life cycle tests). While models are used regularly to estimate 

exposure concentrations for ERA, effects models, including interspecies extrapolation and 

population models, are not regularly applied in ERA (Raimondo et al., 2018). Despite the 

recommendation to move towards effects modeling to reduce the uncertainty around the use 

of surrogate species, little has historically been done with surrogate species data in ERA 

beyond the application of safety factors (NRC, 2013). Our approach reduces the requirement 

on data collection for all species within the protection community by identifying the focal 

species for which models and extrapolation efforts may be targeted.

The WoE process is an integral component of ERA and we demonstrate an additional 

application of this approach to identify focal species within the protection community. Using 

a WoE approach as demonstrated here allows environmental resource managers to maximize 

resources in constrained environments and set explicit levels of uncertainty and provide 

unequivocal justification for the use of focal species. We provide 10 lines of evidence for 

focal species (Box 2) that may be applied or used as a guide for a specific assessment. Some 

lines are loosely defined here, e.g., vulnerable to additional non-chemical stressors, and may 

be more narrowly defined based on the protection community. For example, populations of 

many species that inhabit isolated wetlands operate as metapopulations, such that the 

subpopulation of a species that is present in one wetland is connected to a subpopulation in 

another through dispersal. Listed species metapopulation dynamics may be an important 
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consideration when evaluating chemical risks, as more reliably-inundated pools may act as 

“sources” or genetic rescues to those that are less inundated (Zedler, 2003). Such dynamics 

should be considered in this approach if they are suspected to occur for one or more species 

within the protection community.

The approach described here is demonstrated using case studies of two different isolated 

wetland types (Section 5). Compared to Carolina bays and other wetlands, vernal pools are 

simple systems with a small protection community, allowing linkages among the species to 

be more clearly described. The distinct phases of vernal pools are critical components of 

these wetlands that should be considered in achieving protection goals. Thus, the conceptual 

diagram for this case study highlighted vernal pool phase (Fig. 2) and thus, focal species 

were identified for both aquatic and terrestrial phases. The Carolina bay case study is an 

example of an isolated wetland that provides a diversity of ES and contains a large, inter-

connected protection community (Fig. 4). Due to their size, biological diversity, and 

irregular ephemeral nature, inundation of the wetland was not highlighted as a critical 

component in the conceptual diagram. Rather, we included ES provided by the SPUs in the 

conceptual diagram to aid in communicating the value of the focal species to stakeholders. 

Both case studies were intended to demonstrate the WoE process to identify focal species for 

which assessments can be targeted. Neither case study is intended to represent a final or 

complete risk assessment, which would include a full uncertainty analysis of final data used 

in risk determination.

We have highlighted several advantages associated with implementing community-level 

protections goals using traits-based WoE analysis and demonstrated a process that is 

ecologically comprehensive while considering limited data availability. The benefits of using 

a network or community-level approach for ERA includes a wider range of protection that is 

based on the integration of biotic and abiotic attributes (Rico et al., 2016). A larger, 

networked approach can also help explain some ambiguities and discrepancies in the 

evidence; different species and stressors found within a single critical habitat interact with 

one another and effects on one species may be the indirect cause of effects on another. These 

relationships are harder to discern when examining each species in isolation. While 

multispecies recovery plans have been found to be less effective than single species recovery 

plans (Clark and Harvey, 2002), chemical modes of action and adverse outcome pathways 

allow a more targeted evaluation of chemical impacts in complex communities (Russom et 

al., 2014). Therefore, this multi-species protection approach will establish comprehensive 

threshold values that not only protect individual listed species, but also conserve the 

ecological integrity that continues to provide ecosystem services for human benefit.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.

2019.01.153.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Isolated ecosystems provide habitat for rare species and ecosystem services.

• Chemical contamination threatens these unique systems.

• Community level protection goals assess risks to listed species and services.

• The approach is demonstrated with geographically isolated wetlands.

• The multi-species protection establishes comprehensive threshold values.
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Box 1

Process for identifying Service Providing Units (SPUs).
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Box 2

Lines of evidence to identify focal species:

1. Temporally co-occurrences with the contaminant

2. Exposure pathway present for species uptake

3. Susceptible to the chemical mode of action

4. Demonstrated sensitivity of taxa to chemical

5. Traits that increase susceptibility

6. Traits that provide a critical ecosystem function

7. Provides habitat for other species in the protection community

8. Provides food for other species in the protection community

9. Indirect effects via food web

10. Vulnerable to additional non-chemical stressors (e.g., bacteria/viral 

prevalence; excluding loss of habitat).
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Fig. 1. 
Process for protecting communities containing listed species and Service Providing Units 

(SPUs). Blue steps are consistent with steps in traditional ERA processes. Green steps are 

demonstrated in the current study to identify the protection community and determine a set 

of focal species on which to base an assessment.
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Fig. 2. 
Protection community of California vernal pools showing the three phases of the wetland. 

Traits-based groups are depicted for listed species and Service Providing Unites (SPU) for 

various ecosystem services. Arrows indicate where members of the traits-based groups 

influence other groups within the protection community.
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Fig. 3. 
Buffer analysis demonstrating co-occurrence of vernal pools and crops for which 

chlorpyrifos is registered for application. A. Northern California. B. Central California.
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Fig. 4. 
Protection community for Carolina Bays depicting relationships between Service Providing 

Unites (SPU) for various ecosystem services and listed species of traits-based groups. 

Arrows indicate where members of the traits-based groups influence other groups within the 

protection community.
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Table 1

Summary of Ecosystem Services (ES) for Carolina Bays and California vernal pools.

ES type Ecosystem service Carolina
bays

California
vernal
pools

Provisioning Food X X

Fiber X

Genetic resources X X

Biochemical/natural medicines X

Ornamental resources X

Fresh water

Regulatory Pollination X X

Pest and disease regulation X

Climate regulation/carbon sequestration X

Air quality regulation

Water regulation/flood water storage X X

Water reservoir X

Erosion regulation

Natural hazard regulation

Water purification/soil remediation/waste treatment X X

Cultural Spiritual and religious values

Education and inspiration X X

Recreation and ecotourism X

Cultural diversity and heritage X X

Aesthetic values X X

Supporting Primary production X

Soil retention X

Nutrient cycling X X
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