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A B S T R A C T

Many ecological monitoring and assessment programs include rapid assessment methods that employ indicators
or metrics to track the degree of divergence of ecosystem condition from reference conditions. Although these
rapid assessment methods use a combination of metrics to rate overall ecological condition, they rarely include
tests of either the merits of the component metrics being assessed or the method of aggregating the metrics into
an overall rating. We used a conceptual model of ecological integrity for wetlands and field data to select and test
15 rapid assessment indicators (using specific metrics) across a spectrum of major ecological factors or MEFs
(landscape, buffer, vegetation, hydrology, soil). We applied these metrics to 220 wetland sites across six states
(Colorado, Indiana, Michigan, New Hampshire, New Jersey, and Washington), using two assessment area (AA)
approaches: 106 sites used 0.5 ha point-based AAs; 114 sites used variable-sized polygon-based AAs. We sta-
tistically tested metric ratings and factor scores for their discriminatory power (DP) in relation to a stressor index
using the Kruskal-Wallis test, and for redundancy using Spearman rank correlation and scattergrams. Of the 15
metrics, 12 had good or strong DP and were not redundant. Across all metrics, only two pairs (vegetation pair
and buffer pair) were strongly correlated. The soil metric had the lowest DP, but it was among the least re-
dundant of any metric. The DP of buffer metrics was lower for point-based approaches than for polygon-based
approaches because the buffer for point-based AAs often included additional wetland area. Aggregating in-
dividual metrics into MEF scores (e.g., vegetation, hydrology, soil), primary factors scores (Landscape Context,
on-site Condition) and overall ecological integrity ratings, either maintained or improved the interpretability of
the ratings. Our analyses support the use of 12 rapid field-based metrics, spanning Landscape Context and on-site
Condition, to assess the ecological integrity of wetlands. Although tested here for wetlands, the models and
metrics are also being applied to upland terrestrial ecosystems. Our findings confirm the merits of our rapid
assessment method in providing an intermediate level of assessment that is efficient and ecologically meaningful,
within states and across watersheds and regions.

1. Introduction

Ecosystem monitoring and assessment programs are critical for re-
source management, conservation, and restoration activities, given the
dramatic losses, degradation, and alteration that have occurred to many
ecosystems. These programs increasingly emphasize not only the
changing area of ecosystems (e.g., Dahl, 2011), but also their changing
ecological health, condition, or, as we refer to here, ecological integrity

(Woodley et al., 1993; US EPA, 2002, 2016; Stoddard et al., 2006;
Wurtzebach and Schultz, 2016). Concepts of biotic and ecological in-
tegrity range from the specifically ecological to larger philosophical,
religious, and ethical concerns (Leopold, 1966; Rolston, 1993) as well
as aspects of ecological resilience and ecosystem services (Goodin et al.,
2018). Here we address the core ecosystem aspects of ecological in-
tegrity as they relate to conservation and restoration activities, miti-
gation decisions at site and watershed or landscape scales, and land use
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planning (Fennessy et al., 2007; Faber-Langendoen et al., 2008).
However, ecosystems are complex, and not all aspects of a system’s
condition or integrity can be readily measured, if only for cost reasons.
Thus, to meet program objectives, tested and validated indicators are
needed to provide reliable, cost-effective, and ecologically meaningful
information on ecological integrity. If well-chosen, these indicators can
also provide early signs of ecosystem degradation and identify risks of
ecosystem collapse.

The process of selecting indicators is challenging because ecological
condition can be assessed at a variety of scales, from site to landscapes
and continents. Foundational to most monitoring programs is the
ability to assess condition at the site or local ecosystem scale, and to
then integrate those assessments into other scales (these scales may also
require their own independent indicators). Indicators are often chosen
from the broad spectrum of ecosystem attributes, given the interaction
of changes in the physical, chemical, and biological components of
ecosystems. Multiple indicators are often needed to assess whether
ecological condition is good, fair, or poor (National Research Council,
1994).

In the last 10–20 years, assessments of wetland condition have be-
come particularly common, and a wide variety of methods have been
developed, ranging from more qualitative rapid assessment methods
(RAMs) to intensive, quantitative methods (Fennessy et al., 2007; US
EPA, 2016). RAMs play an important role in monitoring programs be-
cause they are less costly and require less expertise compared to
quantitative methods. Therefore, they can be repeated more often,
providing more information for ongoing adaptive-based management.
There are now a wide diversity of RAMs available, but many have had
limited testing or the methodology and testing have been limited to a
particular region, state, or set of wetland types (Mack, 2001; Brooks
et al., 2006; Sutula et al., 2006; Wardrop et al., 2007, 2013). Validation
of the suite of rapid indicators is often done by rolling the indicators
into an index and then comparing the index against other independent,
quantified variables, such as stressor gradients or rigorous quantitative
data on vegetation or soils. If the overall index correlates well enough
with these independent variables, then the method is judged to be va-
lidated (Mack, 2006; Sutula et al., 2006; Stein et al., 2009). This is a
good first step; however, rarely are the component indicators within the
rapid method evaluated. This next step is important because of the
expense of collecting and managing site-based field data, even for
RAMs. In addition, some RAM users find value in focusing on the in-
dividual metrics to provide insight into management priorities and re-
storation goals.

NatureServe and its Network partners from Natural Heritage
Programs, in collaboration with a variety of agency partners, have de-
veloped a rapid assessment of ecosystem condition, structured around
the concept of ecological integrity (Faber-Langendoen et al., 2016a).
Our Ecological Integrity Assessment (EIA) method is a multi-metric
approach, similar to the Index of Biotic Integrity for aquatic systems
(Karr and Chu, 1999) and to a variety of state-based wetland RAMs
(Fennessy et al., 2007). Here, we propose to test the performance of
each of our specific indicators (hereafter “metrics”), using data col-
lected across multiple states and a wide variety of wetland types. We
assessed performance based on the ability of the metrics to discriminate
a range of stressor levels (from low to very high), with minimal re-
dundancy across metrics. We also assessed whether or not aggregating
the scores of individual metrics into major ecological factors and an
overall ecological integrity rating provided additional insights into the
ecological condition of wetlands. Finally, we compared the perfor-
mance of the metrics when data were collected using a point (0.5 ha)-
based versus polygon-based sampling approach.

2. Background: the ecological integrity assessment method

2.1. Conceptual ecological models and metrics

We have described the Ecological Integrity Assessment (EIA)
method in detail in other publications (Unnasch et al., 2009; Faber-
Langendoen et al., 2012, 2016a; Mitchell et al., 2014). Here we provide
a brief summary to set the stage for our analyses.

2.1.1. Conceptual model
We define our assessment of ecological integrity as “an assessment

of the structure, composition, function, and connectivity of an eco-
system as compared to reference ecosystems operating within the
bounds of natural or historical disturbance regimes” (Faber-
Langendoen et al., 2016a). To have integrity, an ecosystem should be
relatively unimpaired across a range of characteristics and spatial and
temporal scales (Andreasen et al., 2001).

Conceptual models are a critical step in understanding how eco-
systems function. They help us identify the major ecological factors
(MEFs) that characterize the ecological drivers and dynamics of the
ecosystem, and which we must address when making management
decisions to maintain ecological integrity (Mitchell et al., 2014). Our
model, summarized in Faber-Langendoen et al. (2016a), is based on
characteristics of ecosystems known from historical conditions span-
ning the variety of wetland and upland terrestrial ecosystem types. We
draw our understanding of these characteristics from known or his-
torical reference sites, where conditions are not impacted or are mini-
mally impacted by negative anthropogenic stressors (Davies and
Jackson, 2006; Stoddard et al., 2006). The model includes three pri-
mary organizing factors: Landscape Context, (on-site) Condition, and
Size. These primary factors are subdivided into the six MEFs: landscape,
buffer, vegetation, hydrology, soil, and size, which capture the struc-
ture, composition, processes, and connectivity of most terrestrial sys-
tems. Other major factors, such as animals (e.g., birds, fish) or parti-
cular ecological processes (e.g., fire), can be assessed where resources,
time and field sampling design permit. The model is fairly intuitive, but
a key component is that the model includes both the “inner workings”
(Condition) and the “outer workings” (Landscape Context) of an eco-
system (Parkes et al., 2003; Oliver et al., 2007).

Although our overall model includes Size as one of the primary
factors, we exclude it from our analyses here because it is not a con-
sistent measure of ecological integrity. Ecosystem types typically have
examples that vary in size for very natural reasons; e.g., an acidic bog
may occur in a small isolated kettle or in an expansive depression.
However, because there are often conservation values associated with
larger examples (higher species richness, greater resilience to stressors,
better habitat for area-dependent species), Size can be added to
Landscape Context and Condition to produce a final rating, called an
Element Occurrence Rank (EO RANK) (NatureServe, 2002; Regan et al.,
2004; Faber-Langendoen et al., 2016c), which helps prioritize eco-
system occurrences of highest conservation or resource management
value (Unnasch et al., 2009). But these conservation priorities go be-
yond considerations of ecological integrity per se.

2.1.2. A 3-level approach to metric selection
A multi-level approach is often used to assess ecological integrity

(US EPA, 2002; Wardrop et al., 2013). Level 1 (remote assessment)
relies primarily on remote sensing indicators of landscape integrity,
such as used in NatureServe’s Landscape Condition Model (Hak and
Comer, 2017). Level 2 (rapid field assessment) uses relatively simple
semi-quantitative or qualitative field-based indicators, often supple-
mented by a stressor checklist (see Section 2.1.4.). Level 3 (intensive
field assessment) requires detailed field measurements, typically in-
volving plot or transect based sampling of the vegetation, intensive soil
sampling, and/or quantitative measures of hydrology. The metrics used
at each of the three levels can also be calibrated with each other to
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provide a multi-level assessment (Stein et al., 2009).

2.1.3. Fine-tuning the model for specific ecosystem types
Given the wide variety of ecosystems, there is a balance in identi-

fying indicators that are both widely applicable and sensitive to how
different ecosystems function. Ecological classifications can be helpful
tools in the indicator selection process because they help managers
better understand natural variability within and among types, and
thereby help us recognize differences between occurrences with good
integrity and poor integrity (e.g., the evaluation of the hydrology of
tidal salt marshes will be distinct from the hydrology of bogs or
floodplain forests). We first develop widely usable metrics, then add
variants as needed to ensure that they are sensitive to the particular
processes of individual ecosystem types. Hydrologic metric variants
correspond to the different hydrogeomorphic (HGM) class types
(Brinson, 1993) and vegetation metric variants correspond to the U.S.
National Vegetation Classification (USNVC) formation types (ESA
Panel, 2015, usnvc.org). Wetlands are classified using both classifica-
tion systems so that metric variants are properly applied (e.g., a
forested swamp that is classified to the HGM depressional class would
be evaluated using hydrological metric variants specific to that type;
similarly, when classified to the USNVC “Floodplain & Swamp Forest”
formation, it would be evaluated using vegetation metrics specific to
that type). See Faber-Langendoen et al. (2016b) for a description of
each metric and its variants.

2.1.4. Ecological integrity and stressors
Stressor checklists assist with further understanding the factors that

affect individual metrics and the overall condition of an ecosystem
(Sutula et al., 2006). Metrics are scaled based on a “stressor-dose re-
sponse” to changes in stressor levels. The term “stressor” (or direct
threats) is defined as “the proximate (human) activities or processes
that have caused, are causing, or may cause the destruction, degrada-
tion, and/or impairment of biodiversity and natural processes” (Master
et al., 2012). We restrict our focus to those stressors that are associated
with observed impacts whenever the associated effects of the stressors
are evident (i.e., we exclude potential future threats). For example, a
direct stressor may be recent tree removal or mowing. Less recent
mowing or tree removal would be included only if the effect of those
stressors is still currently evident (e.g., old tree stumps, continued
erosion from past logging).

Our EIA methodology includes a stressor checklist that system-
atically scores the Scope and Severity of each stressor present at a site
(Faber-Langendoen et al., 2016b, adapted from Collins et al., 2006).

Scope is defined as the proportion of an ecosystem or its buffer
(0–100m zone surrounding the focal ecosystem) that is currently af-
fected by the stressor, including stressors that may have occurred in the
past, but the effect is still currently evident (e.g., past logging that has
removed all large trees from a stand, resulting in a current small tree
size class structure, or increased runoff). Severity is the level of damage
to the ecosystem or buffer from the stressor, based on recent existing
evidence (i.e., approximately a 10 year time frame). Severity is assessed
by known or inferred degree of degradation or decline in integrity to
specific major ecological factors, such as the buffer, vegetation, soils,
and hydrology. Together these define the level of Impact (Low,
Medium, High, or Very High) that a given stressor has on the ecosystem
(e.g., Small Scope and Slight Severity= Low Impact, whereas Pervasive
Scope and Extreme Severity=Very High Impact).

2.2. Initial development of the model and rapid assessment metrics

Over the past 10 years, we used our conceptual ecological model to
develop rapid assessment (Level 2) metrics that are informative of the
ecological integrity of wetlands (Faber-Langendoen et al., 2008, 2012,
2016a). Briefly the development process included: a) identify the major
ecological factors and key ecological attributes of the ecosystem; b)
select indicators and metrics; c) determine assessment points or
thresholds; d) calculate metric and overall integrity ratings; and e)
create summary reports, including scorecards. This past work led to a
working EIA model and draft set of metrics, which were applied and
tested in 2008–2010 on 12 sites in Colorado (Lemly and Rocchio, 2009)
and 277 wetland sites in Michigan and Indiana (Faber-Langendoen
et al., 2012). As a result of those studies we proposed 15 metrics for
landscape, buffer, vegetation, hydrology, and soil that were most re-
sponsive, practical, cost-effective, and ecologically meaningful in
measuring the integrity of wetlands (Table 1).

Individual state programs began applying, testing, and refining the
NatureServe 2012 EIA, typically through U.S. Environmental Protection
Agency (EPA) funding of state-based applications of wetland condition
assessments (Walz and Domber, 2011; Nichols and Faber-Langendoen,
2012; Nichols, 2013; Lemly and Gilligan, 2015; Rocchio et al., 2016). In
all states, training sessions were held with field crews to ensure that
ecological integrity metric protocols were consistently applied. For
example, in the Michigan-Indiana study (Faber-Langendoen et al.,
2012), a two-day training session was held; then, after the first 10 sites
were visited, data were reviewed by team leaders, and further clar-
ification given to achieve consistency in scoring. Finally, in mid-season,
several sites were resampled and if the metric scores differed by more

Table 1
Ecological integrity metrics for wetland rapid assessment (Level 2). Some metrics have variants based on either wetland type in the U.S. National Vegetation
Classification (USNVC) (e.g., bog & fen, marsh, floodplain & swamp forests, mangrove) or on hydrogeomorphic (HGM) class (e.g., tidal, nontidal, riverine, de-
pression-lacustrine-slope). Two optional metrics are only applicable to forested wetlands. See Faber-Langendoen et al. (2016b) for details on metric protocols (Size
metrics are not shown).

Primary Rank Factors Major Ecological Factors Metrics Metric Variant Metric Variant Type

LANDSCAPE CONTEXT LANDSCAPE LAN1. Contiguous Natural Land Cover
LAN2. Land Use Index

BUFFER BUF1. Perimeter with Natural Buffer
BUF2. Width of Natural Buffer
BUF3. Condition of Natural Buffer

CONDITION VEGETATION VEG1. Native Plant Species Cover
VEG2. Invasive Nonnative Plant Species Cover
VEG3. Native Plant Species Composition Y USNVC
VEG4. Vegetation Structure Y USNVC
VEG5. Woody Regeneration [opt.]
VEG6. Coarse Woody Debris [opt.] Y USNVC

HYDROLOGY HYD1. Water Source Y HGM
HYD2. Hydroperiod Y HGM
HYD3. Hydrologic Connectivity Y HGM

SOIL SOI1. Soil Condition Y USNVC
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than one categorical rating, and if overall EIA rating differed by 10%, a
meeting was held to determine the basis for the differences. Other states
conducted similar field training, and two states have published field
testing results (Lemly and Rocchio, 2009; Nichols, 2013).

In 2013, we initiated a multi-state collaboration to further refine our
EIA methodology. We formed a team of NatureServe and Network staff
from Natural Heritage Programs in Colorado, New Hampshire, New
Jersey, and Washington, spanning multiple EPA regions, and together
we refined the metric criteria and assessment points (or thresholds)
from 2012 (Table 1). Examples of the metrics are provided in Table 2,
and a full description of each metric is provided in Faber-Langendoen
et al. (2016b). Of the 15 metrics, 13 were treated as core (always used)
and 2 were optional (used if applicable to the wetland type, such as
forested wetlands). In addition, as shown in Table 1, eight metrics have
variants based on broadly distinct ecological patterns and processes, as
recognized by vegetation formation types of the USNVC (e.g., marsh,
floodplain forest, and bog) or hydrologic distinctions of HGM classes
(e.g., riverine - nonriverine and tidal - nontidal). Full details of each
metric are provided in Faber-Langendoen et al. (2016b).

3. Methods

3.1. Site data

We compiled 220 sites across six states in which the EIA had been
applied: Colorado (60 sites, 2013–2014 field sampling), Indiana (26,
2009–2010), Michigan (61, 2009–2010), New Hampshire (10,
2009–2012), New Jersey (46, 2012–2014), and Washington (17,
2012–2104). These sites typically had brief field notes describing the
condition of the site, and an assigned condition rating from A
(Excellent) to D (Poor), along with a full EIA. We selected sites that
included a wide range of major wetland types, preferentially occurred
on public lands, were logistically accessible, contained both Level 2
data and quantitative vegetation plot data, and which spanned the
range of A to D condition ratings. The latter criterion was included to
increase the likelihood that our data contained a wider range of eco-
logical integrity and stressor levels, but we also independently con-
ducted a standard assessment of stressors (see Section 3.4).

3.2. Sampling design method

Despite the overall similarity in applying the EIA method in the six
states, there were two different sampling designs used across these
states – a polygon approach and a point-based approach.

Polygon approach (116 sites): Four of the states (IN, MI, NH, and
WA) were sampled using a polygon-based approach, where the goal was
to assess the ecological integrity and conservation value of a particular
wetland type at a site. The assessment area (AA) was delineated based
on the full extent of the wetland type at that location with general
uniformity in condition.

Point-based approach (104 sites): Two of the states (CO and NJ)
were sampled using a point-based approach, where the goal was to
assess wetland condition across a watershed. Sites were chosen using a
spatially balanced random sample design based on the Generalized
Random Tessellation Stratified (GRTS) method (Stevens and Olsen,
2004) to statistically represent the condition of wetland area across the
watershed. With this approach, the AA surrounding the point was re-
stricted to a small area (in our case, 0.5 ha), similar to the US EPA
(2016) protocols for the National Wetland Condition Assessment
(NWCA). The purpose was to represent condition at the point rather
than condition within the entire wetland type. The full extent of the
wetland type being sampled was not delineated, so size was not re-
corded.

The two methods differed most strongly in the way in which the
buffer and surrounding landscape were assessed; the 100m buffer
surrounding AAs sampled with the point-based approach often included
the same wetland type as the point (especially if the wetland type was
large), whereas AAs sampled with the polygon approach extended to
the edge of the wetland type and the buffer was a different wetland, an
adjacent upland, or some combination of both.

3.3. Field data collection

For all sites, the six state programs conducted similar field data
collection methods. First, a pre-field assessment was conducted on the
polygon or point using the most current aerial photography. Landscape
and buffer metrics were given preliminary ratings based on information
from the imagery, and notes were made of on-site conditions (ditches,

Table 2
Examples of three metrics and ratings from three Major Ecological Factors (MEFs). See Table 1 for a full list of metrics for each MEF. Metrics typically have four
assessment point ratings, but occasionally three or five are used (see VEG2), depending on the sensitivity and variability of the metric.

LANDSCAPE MEF VEGETATION MEF HYDROLOGY MEF

Metric Rating LAN1. Contiguous Natural
Land Cover: ALL WETLANDS

VEG2. Invasive Nonnative Plant Species
Cover: ALL WETLANDS

HYD1. Water Source
Variant: DEPRESSION, LACUSTRINE, SLOPE

EXCELLENT (A) (4
points)

Intact: Embedded in 90–100%
natural habitat around AA.

Invasive nonnative plant species
apparently absent.

Water source is natural: site hydrology is dominated by precipitation,
groundwater, and/or natural runoff from an adjacent freshwater body.
There is no indication of direct artificial water sources. Land use in the
local drainage area of the site is primarily open space or low density,
passive uses. Lacks point source discharges into or adjacent to the site.

GOOD (B) (3 points) Variegated: Embedded in
60–90% natural habitat.

Invasive nonnative plant species in any
stratum present but sporadic (1–3%
cover).

Water source is mostly natural, but site directly receives occasional or
small amounts of inflow from anthropogenic sources. Indications of
anthropogenic input include developed land or agricultural land
< 20% in the immediate drainage area of the site, small storm drains
or other local discharges emptying into the site, or some road runoff.
No large point sources discharge into or adjacent to the site.

FAIR (C) (C=2 points,
C-= 1.5 points)

Fragmented: Embedded in
20–60% natural habitat.

C. Invasive nonnative plant species in
any stratum somewhat common (4–10%
cover).
C. Invasive nonnative plant species in
any stratum common (11–30% cover).

Water source is moderately impacted by anthropogenic sources, but is
still a mix of natural and non-natural sources. Indications of moderate
contribution from anthropogenic sources include developed land or
irrigated agriculture that comprises 20–60% of the immediate drainage
many small storm drains or a few large ones, or moderate road runoff.

POOR (D) (1 point) Relictual: Embedded
in < 20% natural habitat.

Invasive nonnative plant species in any
stratum abundant (> 30% cover).

Water source is substantially impacted by anthropogenic sources (e.g.,
urban runoff, direct irrigation, pumped water, artificially impounded
water, or other artificial hydrology). Indications of substantial artificial
hydrology include > 60% developed or agricultural land adjacent to
the site, and the presence of major point sources that discharge into or
adjacent to the site, or large amounts of road runoff.
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ATV tracks, logging, etc.).
Second, an on-site field survey of the AA was conducted, including

checking for any notable variation in condition. A basic, narrative site
description was completed, summarizing features of each MEF. The site
was classified to a wetland type, initially based on the primary ecolo-
gical classification used by the state program, and then to the USNVC
(usnvc.org) and HGM (Brinson, 1993) classifications. All 15 Level 2 EIA
metrics were scored. Metric variants were applied, as needed, based on
the wetland type (Faber-Langendoen et al., 2016b). Metric ratings were
later checked for consistency in the office.

Third, for all 220 sites, a vegetation plot (though not required for
Level 2 assessments) was also sampled in a representative part of the
polygon. Plots were either a minimum of 10x10 m in shrub-herb wet-
lands or 20× 20 in tree wetlands, or a nested 0.1 ha plot design that
was applicable to all wetlands (Peet et al., 1998). A list of species was
compiled, and their percent cover estimated. These data were used both
for providing quantitative support for the Level 2 vegetation metrics
(e.g., VEG2 Invasive Nonnative Plant Species Cover) and to calculate
Level 3 metrics based on floristic quality (DeBerry et al., 2015). De-
pending on the project, additional Level 3 data on soils were also col-
lected, including soil texture, pH, soil color and depth, and depth of
water in the soil pit.

3.4. Stressor data and indices

Each of the states applied a stressor checklist in the field. Checklists
were reviewed and standardized for all 220 sites to the format of Faber-
Langendoen et al. (2016b) to allow consistent rating of stressors to the
four MEFs - buffer, vegetation, hydrology, and soil - and to the overall
site. Scope and Severity (Table 3) were rated for each observed stressor.

3.5. Data management and scorecards

Metrics data and stressor checklists were entered into NatureServe’s
Ecological Observations Database (EcoObs). EcoObs is currently man-
aged by NatureServe staff and is used by a number of state natural
heritage programs. The database is structured to match field data pro-
tocols, including fields for general site description, environmental de-
scription, vegetation plot data, Level 1–3 metrics, stressor checklists,
scorecards, and descriptive soils data.

3.5.1. Ecological integrity scorecard
For this project, metrics were used to generate an EIA scorecard for

each site (Fig. 1). The protocols for the ecological integrity metrics
specify the assessment points (or thresholds) that indicate increasing
departure from reference conditions. Metrics typically have a 4-point
rating system from A (4 points) to D (1 point) (Table 2). After metrics
are rated in the field and office, their ratings are incorporated into a
scorecard that uses the metric rating points to generate ratings for the
MEFs, for Landscape Context and Condition, and for overall Ecological

Integrity (Fig. 1). At the outset, each metric was considered to con-
tribute equally to our understanding of ecological integrity and re-
ceived the same weight. The metric scores were typically averaged to
generate a rating or for each MEF. The one exception was the buffer
MEF, in which a two-step geometric mean was used to integrate the
three metrics in order to increase the sensitivity of the lowest metric
rating to the score (following Collins et al., 2006). In turn, the MEFs
were weighted, as follows: for the Condition rank factor, vegetation was
given more weight (0.55) than hydrology (0.35), as it was the most
visible and accurately measured of the MEFs. The soil MEF was given a
low weight (0.1), because initial testing in 2012 showed it to be sen-
sitive to only the most heavily stressed sites (see Faber-Langendoen
et al., 2012). Within the Landscape Context rank factor, the buffer MEF,
which captured the inner 100m effects of stressors, was weighted twice
(0.66) that of the 500m landscape MEF (0.33). Landscape Context and
Condition scores were then weighted (0.3 and 0.7 respectively) to
generate an EIA rating or grade.

3.5.2. Human stressor index (HSI)
From the stressor checklists, we entered the Scope and Severity

ratings assigned to each stressor identified in the AA or its buffer into
EcoObs (Table 3). The EcoObs database automatically assigned an
Impact rating based on the combination of Scope and Severity ratings
(e.g., Small Scope and Small Severity= Low Impact, whereas Pervasive
Scope and Extreme Severity=Very High Impact; see Faber-
Langendoen et al., 2016b). In turn, each rating was scored (Low – 1
point, Medium – 4 points, High – 7 points, Very High – 10 points).
Points were summed across stressors within each MEF. Points were then
weighted by the MEF (buffer 0.3, vegetation 0.3, hydrology 0.3, soil
0.1) to produce an overall Human Stressor Index (HSItotal) score and
rating (0–<1=Absent, 1–<4=Low, 4–<7=Medium,
7–<10=High, and ≥10=Very High) (Faber-Langendoen et al.,
2016b). We used the HSI as a means of testing how well the individual
metrics, the MEFs, and overall EIA rating responded to stressor levels.
We used two forms of the HSI to establish stressor categories: HSItotal
combined the stressor ratings from all four MEFs into an overall score
and rating. This form of the HSI potentially contained autocorrelation
with some of the EIA metrics that include stressor information to assign
the condition rating (see e.g., HYD1 Water Source in Table 2). For that
reason, we also calculated HSIabiotic, which combined buffer (0.4), hy-
drology (0.4), and soil (0.2) MEF scores, with which we tested the ef-
fectiveness of on-site vegetation (biotic) metrics in responding to these
abiotic stressors.

3.6. Statistical tests

3.6.1. Discriminatory power of metrics and major ecological factors
A variety of statistical methods are available to help assess the

statistical rigor of metrics, applicable to both rapid and intensive me-
trics. Three commonly assessed criteria include comprehensive range of
metric variation, discriminatory power (particularly in response to
stressors), and redundancy (Blocksom et al., 2002; Klemm et al., 2003;
Jacobs, 2010; Wang et al., 2015).

Discriminatory power (DP) is the ability of a metric, MEF, or rank
factor, to distinguish levels of stress, from Absent to High. We compared
how well each metric and factor (Table 1) was able to distinguish these
stressor levels based on HSI ratings. We examined their response using
box-and-whisker plots and one-way analysis of variance (ANOVA)
(appropriate for Level 2 categorical data). We used the Kruskal-Wallis
rank sum test, which is the non-parametric analogue of a one-way
ANOVA and makes no assumptions about normality. We then applied
the Pairwise Wilcoxon Rank Sum Tests to calculate pairwise compar-
isons between group levels and used the Hochberg method for p-values
adjustments for multiple comparisons. Variables with non-significant F-
values from the ANOVA were considered non-responsive and candi-
dates for removal. We used the R software for statistical analyses (R

Table 3
Stressor categories for Scope and Severity (from Master et al., 2012). The
combination of Scope and Severity determine the Impact rating (e.g., Small
Scope and Small Severity= Low Impact, whereas Pervasive Scope and Extreme
Severity=Very High Impact).

SCOPE of Threat (% of AA or Buffer affected by direct threat)
1= Small Affects a small (1–10%) proportion of the AA or Buffer
2=Restricted Affects some (11–30%)
3= Large Affects much (31–70%)
4=Pervasive Affects most or all (71–100%)

SEVERITY of Threat within the defined Scope (degree of degradation to AA or Buffer)
1= Slight Likely to only slightly degrade/reduce
2=Moderate Likely to moderately degrade/reduce
3= Serious Likely to seriously degrade/reduce
4=Extreme Likely to extremely degrade/destroy or eliminate
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Core Team, 2015). When conducting our analyses, we first looked at DP
across all 220 sites, then by method (points – 106 sites; polygons – 114
sites). Metrics with poor discriminatory power were candidates for re-
moval, pending redundancy correlations (below, Section 3.6.2.)

3.6.2. Redundancy correlations among metrics
We screened all metrics for redundancy. If two or more metrics have

a strong linear relationship to one another, then one of them is con-
tributing no new information to the assessment. We used the method of
Fulton et al. (2005) to screen for redundancy. First, we assessed the
degree of correlation between all pairs of metrics. Categorical levels of
correlation were: r≥ 0.9 very strongly redundant, r= 0.7–0.89
(strongly redundant), r= 0.5–0.69 (moderately redundant), r < 0.5
(minimal or low redundancy). Second, we examined the scatterplots of
all pairs with moderate, strong, or very strong correlations (r≥ 0.5) to
determine the nature of the relationship. If the relationship between
metrics was curved, cone-shaped, or had a wide spread in some ranges,
we concluded that the metrics were minimally or not redundant. Ab-
solute value of the correlation, and its linearity or triangularity, are
more meaningful than statistically significant correlations, especially
when relatively large data sets are involved. This is because, as Fulton
et al. (2005) note, when there are a large number of data points

involved, even bi-plots with fairly flat relationships could have statis-
tically significant correlation coefficients. Thus, only tight relationships
where both metrics fell close to a straight line were considered re-
dundant. If there were redundant metrics after these assessments, the
metric chosen was the one with better DP. Conversely, a metric with
low DP (and thus candidate for removal), but low redundancy, could
still be retained.

3.7. Landscape context and on-site condition

Finally, we tested the degree to which Landscape Context and its
MEFs (landscape and buffer) discriminated (using the Kruskal-Wallis
test) or correlated with on-site Condition (the integrated scores of ve-
getation, hydrology, and soil).

4. Results

4.1. Wetland types and reference gradient

Our 220 sites spanned the various wetland formations and macro-
groups found in the U.S. (Table 4). Our sites also spanned the stressor
gradient, based on HSItotal: Absent (26 sites), Low (93), Medium High/

Field
Rating

Field
Pts

ECOLOGICAL INTEGRITY

Calc
RatingWt

Calc
Pts

ObsArea Name: Arkansas River Floodplain ObsDate: 2014/07/07

Observers: C. Wiechmann, S. Rubin

State/Prov: CO

C+

County: CO BentProject: CO Lower Ark

Protocol: NatureServe Wetland 2016

HGM: Riverine

Macrogroup: M028 Great Plains Flooded & Swamp Forest

2.24

ObsArea Code: LA PF04

Ecological System: CES303.678 Western Great Plains Floodplain

Human Stressors Index (HSI) Scores:

Buffer: 1 (Low) Veg: 4 (Very High) Soil: 0 (Absent) Hydro: 4 (Very High)

2.7 (High) Abiotic: 2 (Medium) Onsite: 2 (Medium)Total:

by Major Ecological Factor (MEF):

Rank Factor: LANDSCAPE CONTEXT B0.3 2.89

MEF: LANDSCAPE B+0.33 3.00
LAN1. Contiguous Natural Land Cover A 41
LAN2. Land Use Index C 21

MEF: BUFFER B0.66 2.83
BUF1. Perimeter with Natural Buffer A 4n/a
BUF2. Width of Natural Buffer A 4n/a
BUF3. Condition of Natural Buffer C 2n/a

Rank Factor: CONDITION C0.7 1.97

MEF: VEGETATION C0.55 1.79

VEG1. Native Plant Species Cover C 1.751
VEG2. Invasive Nonnative Plant Species Cover D 11
VEG3. Native Plant Species Composition D 11
VEG4. Overall Vegetation Structure C 21

VEG5. Woody Regeneration D 11
VEG6. Coarse Woody Debris A 41

MEF: HYDROLOGY C0.35 1.67
HYD1. Water Source C 21

HYD2. Hydroperiod D 11
HYD3. Hydrologic Connectivity C 21

MEF: SOIL A+0.1 4.00
SOI1. Soil Condition A 41

Fig. 1. Ecological integrity scorecard. Weights, field ratings and points, calculated points (scores), and ratings are shown for each metric, Major Ecological Factor
(MEF), rank factor, and overall Ecological Integrity for a wetland site. Additional site information is provided in the heading. The scorecard is generated from
NatureServe’s Ecological Observations Database (EcoObs).
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Very High (27). The latter category was combined because we had few
(3) sites with “Very High” stress. Our scores for EIA also showed a full
range of scores: A+ (23 sites), A− (49), B+ (55), B− (49), C+ (25),
C− (16), D (3). These data indicate that our metrics span a compre-
hensive range of ecological integrity and stressor variation.

4.2. Discriminatory power

4.2.1. Discriminatory power among metrics
The degree of discriminatory power (DP) for each metric is sum-

marized in Table 5. Box plots for each metric were reviewed to validate
DP values. For the overall data set, 10 of the 13 core metrics had High
to Very High DP, indicating that they successfully discriminated be-
tween either 3 (High) or all 4 (Very High) levels of stressors. Two of the
buffer metrics (B1, B2) and the soil metric (S1) had moderate or low DP.
The two optional vegetation structure metrics (V5, V6) also had mod-
erate to low DP. Although these metrics performed poorly, they still had
statistically significant DP. For the soil metric, its DP was still statisti-
cally significant (p < 0.01) because it helped separate highly stressed
sites from sites with moderate to absent stressors.

The effect of the two sampling designs (point vs polygon) was most
notable for landscape and buffer metrics. The polygon-based data
showed an improvement in the DP for the two buffer metrics (B1 and
B2) (Table 5). Conversely, for the point-based approach, B1 performed
poorly, and L1 had lower DP. Conversely, the buffer condition metric
(B3) was the most discriminatory of any metric. The soil condition
metric (S1) had low DP with either sampling method. DP of on-site
vegetation, hydrology, and soil metrics were comparable between the
two approaches, with somewhat better DP for the Condition metrics
when using the point-based sampling design.

4.2.2. Discriminatory power among major ecological factors
Using the scorecard approach (Fig. 1), we generated rating scores

for each MEF and tested their DP against the HSItotal stressor ratings
(Table 5, Fig. 2). For all sites combined, the vegetation, hydrology,
buffer, and landscape MEFs all showed High or Very High DP in

separating stressor levels. The DP of the vegetation MEF was also
greater than its component vegetation metrics; that is, the best in-
dividual vegetation metric had a DP of F= 83 (V3), whereas the ve-
getation MEF had F=89. Similarly, DP of the hydrology MEF
(F=118) was well above the individual hydrology MEFs (F=76–88);
it also had the best DP of any MEF (Table 5). Not surprisingly, the soil
MEF, which was based on the one metric that performed poorly, had
low DP, but it helped distinguish highly stressed sites from others. Both
the buffer MEF and landscape MEF had very high DP, with buffer
somewhat higher than landscape DP (F=92, 75 respectively). Rolling
them together into an overall Landscape Context rank factor score
further improved the DP (F=97).

The vegetation MEF correlation with HSIabiotic is not as strong as
with HSItotal (F= 62 < F=89, and r=−0.56 < r=−0.68, re-
spectively) but still High. This is suggestive of some autocorrelation
between the ecological integrity metric ratings and the stressor ratings.

When separating the data by sampling design (point vs polygon
approach), DP was comparable for landscape and buffer MEFs
(Table 5), unlike for individual metrics (Section 4.2.1 above). As with
individual metrics, the sampling design had little effect on DP scores for
vegetation, hydrology, or soil MEFs.

4.2.3. Overall ecological integrity
Our overall rating of ecological integrity integrated on-site

Condition score with the Landscape Context score into an EIA score and
rating. Our correlation of HSItotal with EIA scores was very robust
(r=−0.81) (Fig. 3), indicating that our combination of ecological
metrics was responsive to the changing levels of stressors.

4.3. Redundancy correlations among metrics

We assessed all pairs of metrics with moderate to very strong cor-
relations (r > 0.5) (Table 6). Encouragingly, no metric pairs had “very
strong” correlations and only three metrics had “strong” correlations:
B1 (Perimeter with Natural Buffer) with B2 (Width of Natural Buffer),
V1 (Native Plant Species Cover) with V2 (Invasive Nonnative Plant
Species Cover), and V2 with V3 (Native Plant Species Composition). We
carefully examined each of the scattergrams for any additional evidence
of redundancy (Fig. 4). All metrics with moderately redundant corre-
lations had scattergrams that were triangular or scattered, and thus
they have minimal redundancy (Fig. 4). The strong correlation of metric
B1 (Perimeter with Natural Buffer) with B2 (Width of Natural Buffer)
and their relatively tight scattergram is not unexpected, in that they
were both designed to assess aspects of buffer dimension; whenever the
perimeter is missing a natural buffer, the width at that point also be-
comes zero. The strong correlation of V1 (Native Plant Species Cover)
with V2 (Invasive Nonnative Plant Species Cover), and their relatively
tight scattergram (Fig. 4) indicated that they were largely redundant.
This is also not unexpected in that V2 is to some degree a subset of the
information used for V1. Although V2 and V3 (Native Plant Species
Composition) were strongly correlated, their scattergram was not tight
(Fig. 4); therefore, we did not consider them redundant.

Notably, the soil metric, despite its low DP, was only one of two
metrics (the other being V6) that showed minimal redundancy with any
other metric (Table 6).

4.4. Landscape context and on-site condition

Our comparison of Landscape Context metrics and MEFs with
overall on-site Condition showed strong correlations between the two
(Table 7). MEFs always performed as well or marginally better than
individual metrics. For example, for all sites, the correlations for the
overall Landscape Context rank factor (r= 0.63) was higher than for
the buffer MEF (r= 0.61) and landscape MEF (r= 56), and these in
turn were as high as or higher than the correlations for individual
metrics. These support the use of a multi-metric approach to

Table 4
The 220 sites classified to USNVC Formation and Macrogroup. Type descrip-
tions are available on usnvc.org.

FORMATION No. of Sites
Macrogroup

FLOODED & SWAMP FOREST (81)
Central & Appalachian Floodplain Forest 13
Central & Appalachian Swamp Forest 3
Great Plains Floodplain Forest 29
Northern Flooded & Swamp Forest 28
Rocky Mountain & Great Basin Montane Riparian Forest 3
Southern Coastal Plain Basin Swamp & Flatwoods 1
Vancouverian Flooded & Swamp Forest 4

MARSH, WET MEADOW, & SHRUBLAND (104)
Arid West Interior Freshwater Emergent Marsh 12
Atlantic & Gulf Coastal Plain Wet Prairie & Marsh 18
Eastern Cool Temperate Seep 2
Eastern North American Marsh, Wet Meadow, & Shrubland 40
Eastern North American Ruderal Wet Meadow & Marsh 7
Great Plains Wet Meadow, Marsh & Playa 13
Vancouverian Lowland Marsh, Wet Meadow, & Shrubland 7
Western North American Montane-Subalpine Wet Shrubland & Wet

Meadow
5

SALT MARSH (3)
North American Atlantic & Gulf Coast Salt Marsh 3

BOG & FEN (32)
North American Boreal & Sub-Boreal Acidic Bog & Fen 17
North American Boreal & Sub-Boreal Alkaline Fen 11
North Pacific Bog & Fen 4

Total 220
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understanding ecological integrity. Equally important, the Landscape
Context ratings (A–D) had a strong ability to discriminate between
different levels of on-site Condition (Fig. 5).

5. Discussion

5.1. Testing the strength of indicators and indices

Our data set from six states spanned large geographic regions of the
U.S., included multiple wetland types, and covered a wide range of
stressor levels. The data provided a good test of our approach to assess
wetland condition within and across states in the country. In general,
the metrics performed very well. All metrics had statistically significant
discriminatory power among at least two levels of HSI stressor ratings,
and most metrics were able to discriminate three or four. Almost all
metrics were largely non-redundant with other metrics, apart from two
pairs of metrics (B1 – Perimeter with Natural Buffer and B2 – Width of
Natural Buffer; V1 – Native Plant Species Cover and V2 – Invasive
Nonnative Plant Species Cover). The two buffer metrics were originally
developed as part of a buffer index (Collins et al., 2006), here reflected
in our buffer MEF, so we recommend that the emphasis for rating

buffers be placed on the MEF rather than on the individual metrics. For
the two vegetation metrics, we suggest that V1 is a candidate for

Table 5
Discriminatory Power (DP) of metrics and Major Ecological Factors (MEF),.based on the Kruskal-Wallis (KW) test. KW values are categorized separately for all sites
versus sites by sampling design because DP thresholds differ based on number of sites in the analysis, i.e.: All Sites: Low DP < 25, Moderate DP 25–49, High DP
50–74 (Bold), Very High DP≥ 75 (Bold underlined). Sites by Sampling Design: Low DP < 15, Moderate DP 15–24, High DP 25–34 (Bold), Very High DP≥ 35.
(Bold, underlined)

Metric Code Metric Name Combined (n=220) Polygon (n= 114) Points (n= 106)

KW P KW P KW p

LANDSCAPE 74.9 *** 43.2 *** 31.4 ***
LAN1 Contiguous Natural Land Cover 50.6 *** 37.3 *** 15.8 **
LAN2 Land Use Index 74.5 *** 35.1 *** 39.0 **

BUFFER 92.2 *** 46.0 *** 49.3 ***
BUF1 Perimeter with Natural Buffer 37.0 *** 39.4 *** 6.4 ns
BUF2 Width of Natural Buffer 41.0 *** 32.9 *** 23.8 ***
BUF3 Condition of Natural Buffer 80.8 *** 29.6 *** 52.2 ***

VEGETATION 89.1 *** 40.2 *** 50.2 ***
VEG1 Native Plant Species Cover 50.8 *** 31.2 *** 40.3 ***
VEG2 Invasive Nonnative Plant Species Cover 75.0 *** 30.4 *** 46.0 ***
VEG3 Native Plant Species Composition 83.3 *** 37.7 *** 46.3 ***
VEG4 Vegetation Structure 60.7 *** 25.0 *** 38.2 ***
VEG5 Woody Regeneration [opt.] (105) 31.0 *** (46) 10.0 * (59) 28.0 ***
VEG6 Coarse Woody Debris [opt.] (111) 17.7 *** (52) 10.1 * (59) 11.0 *

HYDROLOGY 117.7 *** 48.5 *** 55.0 ***
HYD1 Water Source 76.3 *** 33.0 *** 46.0 ***
HYD2 Hydroperiod 83.1 *** 45.1 *** 47.0 ***
HYD3 Hydrologic Connectivity 88.1 *** 43.7 *** 46.6 ***

SOIL 13.1 ** 3.8 ns 13.1 **
SOI1 Soil Condition 13.1 ** 3.8 ns 13.1 **

Fig. 2. Response of Major Ecological Factors to stressors. Stressor categories are based on the Human Stressor Indextotal. Using the Hochberg method, all means are
significantly different at p < 0.01 for vegetation, hydrology, and buffer, whereas for soil, only the Absent category is distinct from other means.

Fig. 3. Correlation of Ecological Integrity Assessment (EIA) scores with Human
Stressor Index (HSI)total scores. Ecological integrity scores decline as stressor
levels increase.
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removal from future EIA applications, though further exploration of
their redundancy across the entire range of stressor conditions is
needed.

By far the weakest metric and MEF was that for soil condition. Soils
are difficult to evaluate in a rapid assessment, as only the most visible
evidence of disturbance is rated, such as evidence of compaction, ruts,
or filling. Furthermore, these signs are only evident in wetlands where
the water draws down during the season. When soil disturbances are
visibly evident, most other metrics will also be rated low. Conversely,
because soil stressors are not as common or visible in wetlands, most
sites rate high, which could tend to inflate the overall EIA. Nonetheless,
despite the low DP, the soil metric was one of the least redundant
metrics (Table 6). These finding support retaining the metric, but giving
it a low weight (0.1) in the scorecard (Fig. 1).

Building on the strength of our metrics, we were also able to de-
velop aggregate indices for MEFs, rank factors, and an overall ecolo-
gical integrity rating (comparable to the Index of Ecological Integrity of
Andreasen et al., 2001) that retained or improved on the strength of our
individual metrics. Together they increased our ability to discriminate
among stressor levels. These aggregate indices also allowed us to in-
terpret the integrity of MEFs (vegetation, hydrology, and soils), and
compare the integrity of on-site condition versus the adjacent buffer
and landscape. Our scorecard (Fig. 1) brings this information together
in a fairly transparent way, allowing users to understand the status of
various components of ecological integrity. This information can be
further summarized in dashboards or other types of scorecards (Tierney
et al., 2009; Mitchell et al., 2014).

5.2. Vegetation and hydrology indicators

Vegetation indicators are an important aspect of any rapid assess-
ment method. We know a great deal about the ecological behavior of
individual species, species assemblages, and vegetation structure, as
well as their spatial and historical variability. Indeed, the EPA National
Wetland Condition Assessment relied strongly on vegetation, and more
specifically vegetation composition, for its Vegetation Multi-Metric
Index (US EPA, 2016). As they note, vegetation is a major component of
the biodiversity and structure found in wetlands, provides important
habitat and food sources for birds, fish, and other wildlife, and both
responds to and influences other physical features (e.g., soil, hydrology)
and chemical processes (e.g., nutrient cycling) in wetland systems.
“Thus, vegetation can reflect and integrate different components of
wetland ecosystem integrity and serve as an effective indicator of
wetland condition” (US EPA, 2016). Our rapid assessment methods
support the use of vegetation as a major component of the overall score,
and it is weighted more heavily than other factors in our scorecard

(Fig. 1). Still, given the fundamental role of hydrology in wetlands, we
find that hydrologic indicators are worth incorporating in the assess-
ment. Indeed, departures from optimal hydrologic conditions may well
serve as an important signal that vegetation conditions could decline in
the future.

5.3. Use of stressor index to test EIA

Stressors are a key explanatory reason for why ecosystems degrade.
Thus, although not necessary in routine applications of rapid assess-
ments, we encourage the collection of stressor data to assist with the
interpretation of ecological integrity and as a means of guiding man-
agement activities to maintain or improve ecological condition. Still,
observed stressors may not account for all the observed levels of eco-
logical integrity. For example, coarse woody debris levels may reflect
past logging events that leave few signs of stress today. Similarly, lack
of woody regeneration may relate to an altered fire regime that is not
always readily assessed. Thus, on-site stressor evaluations may not
capture all of the anthropogenic stressors that have affected the eco-
logical integrity of an ecosystem.

In addition, we recognize that our EIA metrics rely, to varying de-
grees, on stressor information, creating a certain degree of auto-
correlation in our testing. Where we were able to assess this (e.g., ve-
getation metrics against HSIabiotic) these effects were not strong.
Nonetheless, it will be valuable to search out additional independent
measures of stressors and ecological integrity to further refine our
model.

5.4. Sampling design

No substantial differences in metric performance were detected with
on-site Condition ratings between the point or polygon-based ap-
proaches, suggesting that they are largely complementary for on-site
evaluations. Further, it suggests that a combination of Level 2 polygon-
based sampling can complement a Level 3 intensive point sampling. But
for Landscape Context ratings, the point-based approach is less likely to
detect the effects of stressors on the wetland from adjacent wetlands or
uplands with different conditions, because the buffer is more likely to
assess the same wetland type and condition that the point is placed in.
Buffers are usually understood to be buffers of a wetland unit, not of a
point within a wetland; thus, point-based approaches may need to
consider expanding their buffer assessment to include nearby non-
wetland areas. This may require some calibration when comparing the
two approaches. It may suggest that a larger radius be used for point-
based sampling (though a 1 km radius showed no differences compared
to the standard 0.5 km radius with the New Jersey data (K. Walz,

Table 6
Spearman Rank Correlations among metrics. Categories for redundancy were: r≥ 0.9, very strongly redundant (VSTR); r= 0.7–0.89, strongly redundant (STR);
r= 0.5–0.69, moderately redundant (Mod); r < 0.5, minimal or no redundancy (m). There were no metrics with “very strongly redundant” values. Metric codes in
the columns are simplified for space reasons (i.e., BUF1=B1, etc.). Full metric names are provided in Table 1.

B1 B2 B3 H1 H2 H3 L1 L2 S1 V1 V2 V3 V4 V6

BUF1 STR m M m m m Mod m m m m m m BUF1
BUF2 m M m m Mod Mod m m m m m m BUF2
BUF3 M m m m Mod m m Mod Mod m m BUF3
HYD1 Mod Mod m m m m m Mod m m HYD1
HYD2 Mod m m m m m m m m HYD2
HYD3 m m m m m Mod m m HYD3
LAN1 Mod m m m m m m LAN1
LAN2 m m m m m m LAN2
SOI1 m m m m m SOI1
VEG1 STR Mod m m VEG1
VEG2 STR Mod m VEG2
VEG3 Mod m VEG3
VEG4 m VEG4
VEG6 VEG6
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unpublished data).

5.5. Linking landscape context and on-site condition

One of the key findings of our work is that we can meaningfully
aggregate or disaggregate metric information, whether that be for
specific metrics within an MEF, in comparing MEFs, or exploring the
interrelations of Landscape Context and on-site Condition. Our analyses
showed that combining metrics in these ways typically increases the DP

of our analyses. For example, integrating the three buffer metrics into a
Buffer MEF (the Buffer Index of Collins et al., 2006) provides a stronger
DP than do the individual metrics.

We are particularly encouraged by how well the Landscape Context
ratings discriminated between differences in on-site Condition (Fig. 5).
Other studies have found similar results (Brooks et al., 2006; Mack,
2006; Hychka et al., 2007; Mita et al., 2007). These findings validate
the use of Landscape Context metrics as a rapid assessment method for
identifying the level of ecological integrity found on sites (where field

Fig. 4. Scattergrams of metrics with moderate to strong correlations. Size of circles reflects the density of points. Metrics with asterisks had strong correlations
(r= 0.7–0.89); other metrics had moderate correlations (0.5–0.69) (see Table 6).
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crews can check the photo interpreted land use/land cover maps).
These site-specific metrics can also be used as part of Level 1 assess-
ments alongside our Landscape Condition Model (LCM), which uses
remote-sensing based interpretations of land use/land cover to assess
condition (Comer and Faber-Langendoen, 2013; Hak and Comer, 2017).
The two methods provide complimentary approaches, where LCM
provides a powerful way to characterize the overall condition of land-
scapes and watersheds, and the Landscape Context metrics characterize
the land use/land cover patterns at specific sites. The Landscape Con-
text metrics can also be used as part of 3-level watershed or state-based
assessment approach, whereby the Landscape Context metrics are ap-
plied to the AAs as part of a Level 1 assessment, generating an initial
EIA rating, from which a subset of AAs can be selected for increasingly
accurate Level 2 and Level 3 assessments (Stein et al., 2009; Walz and
Faber-Langendoen, 2018).

5.6. Ecological integrity assessments for all terrestrial ecosystems

Our findings affirm the merits of our rapid assessment method for
wetlands in providing an intermediate level of assessment that is effi-
cient and ecologically meaningful, across a wide range of geographies.
In addition, the EIA methodology is applicable to both uplands and
wetlands. Working with partners, we have recently developed various
applications for uplands, including Level 1 in western upland ecosys-
tems (Comer et al., 2013), Level 2 for all upland ecosystems in Wa-
shington (Rocchio et al., 2017), and for southern pine ecosystems
(Nordman et al., 2016); as well as contributing to Level 3 monitoring
programs for northeastern upland forests (Tierney et al., 2009). Com-
pletion of EIAs for both wetlands and uplands will provide the basis for
assessing changes over time for all terrestrial ecosystems and in ways
that support environmental decision-making.
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