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ABSTRACT OF THE DISSERTATION

Assessment of Practices and Tool Development
to Support Compensatory Mitigation

in Southern California

by

Lisa Susan Fong
Doctor of Environmental Science and Engineering
University of California, Los Angeles, 2015

Professor Richard F. Ambrose, Chair

Wetland loss due to human impacts is a global concern. For certain regulated activities in
the United States, the Clean Water Act 8404 requires replacement of aquatic functions through
compensatory mitigation. In spite of the existing mitigation framework and a 2008
Compensatory Mitigation Final Rule updating regulatory guidance, concerns exist regarding the
effectiveness of the compensatory mitigation program. This dissertation contributes to mitigation
improvement through three studies. First, we evaluated numbers, sizes, and compensation types
of 8404 projects permitted before (2002-05) and after (2009-13) the Mitigation Rule to
determine how its compensation hierarchy was implemented in southern California. Contrary to
expectations, the proportion of third party mitigation projects, and of corresponding acres,

decreased after the Rule. Within permittee-responsible mitigation, the proportion of off-site



projects increased, as predicted. While is it possible the compensation hierarchy influenced these
trends, external factors, particularly the national economic downturn, may also have contributed
to the patterns observed. Secondly, we developed chronosequence stream restoration
performance curves from projects of different ages to illustrate likely developmental trajectories
of high-performing restored streams. The curves, developed using California Rapid Assessment
Method (CRAM) data, predicted the time required for projects to achieve reference-level scores
for the CRAM index and Hydrology and Biotic Structure attributes, but underestimated the time
for projects to achieve the Physical Structure attribute reference level. CRAM-based
performance curves could be used to guide standard development, and to predict future project
performance. Finally, we developed an aerial imagery assessment method (AIAM) that combines
landscape, hydrology, and vegetation observations into one index describing overall ecological
condition of non-confined streams. Verification of AIAM demonstrated sites in good condition
(as assessed on-site by CRAM) received high AIAM scores, and select components of AIAM
and CRAM were highly correlated. AIAM-based time-series trajectories of three projects
revealed they improved in condition after restoration, with the most dynamic change over time in
vegetation characteristics. AIAM has high potential as an ecological assessment tool to
determine restoration status and trajectories, and can be used for restoration management. The
findings and tools produced here can improve mechanisms and methods of wetland replacement

through compensatory mitigation, and thus help combat wetland loss.
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CHAPTER ONE: INTRODUCTION

Wetlands are transitional lands between terrestrial and aquatic systems where the water
table is usually at or near the land surface or the land is covered by shallow water (Cowardin et
al. 1979). Examples of wetlands are marshes, swamps, bogs, rivers, lakes, estuaries, and
intertidal flats. Wetlands are precious, providing many ecological functions and services
including nutrient cycling, carbon sequestration, water quality improvement, groundwater
recharge, flood abatement, biodiversity support, and recreational benefits. Because they are
valuable for social, health, economic and ecological reasons, their disappearance and degradation

IS concerning.

The Problem of Wetland Loss

Human-mediated wetland loss is a problem globally, nationally, and locally. An
estimated half of wetlands globally have been lost, with a large part of the remaining portion
degraded (Zedler & Kercher 2005). Wetland monitoring efforts in the United States revealed vast
amounts of wetland loss over the past half century—an estimated 785,350 acres in the
conterminous U.S. since the 1950’s (Dahl 2011). In the recent Status and Trends of Wetlands in
the Conterminous United States 2004-2009 report produced by the U.S. Fish & Wildlife Service
for the U.S. Congress, loss of freshwater forested wetlands between 2004-2009 was primarily

attributed to silviculture (38%) and development (26%) (Dahl 2011).

Studies indicating wetland loss in southern California indicate the region is no exception
to the national trend. Human-mediated wetland loss has been occurring there for over a century.

Stein et al. (2010) estimated greater than 87% of wetlands in the San Gabriel River watershed,

1



located in Los Angeles and Orange Counties, was lost between circa 1870 and 2006. Dewatering
due to groundwater extraction, river channelization, and land conversion to urban and industrial
use were cited as factors contributing to the wetland loss. Kent & Mast (2005) found that
wetland cover in San Dieguito Lagoon in San Diego County decreased from being at
approximately 50% (366 hectares, ha) in 1928 to 15% (109 ha) in 1994. In this area, the
construction of a race track, establishment of agriculture fields, highway and road construction,

and commercial and industrial development contributed to wetland loss.

Compensating for Wetland Loss in the United States

Policy has been established to combat wetland degradation and loss in the United States.
In 1972, 8404 of the Clean Water Act established a program to regulate the discharge of dredged
and fill materials into navigable waters. Through this program, the practice of compensatory
replacement mitigation grew (Hough & Robertson 2008). Compensatory mitigation is meant to
offset environmental losses due to unavoidable impacts authorized by 8404 permits to Waters of
the United States (US Army Corps of Engineers & Environmental Protection Agency 2008). It is
carried out through the methods of restoration, establishment (creation), enhancement, and
preservation. Restoration is the re-establishment or rehabilitation of a wetland or other aquatic
resource with the goal of returning natural or historic functions and characteristics to a former or
degraded wetland. It involves the manipulation of the ecological (i.e., physical, chemical, or
biological) characteristics of a site, and may result in a gain in wetland function, wetland acres,
or both. Creation is the manipulation of ecological characteristics to develop an aquatic resource
that previously did not exist at an upland site, and results in a gain in aquatic resource area and

functions. Enhancement is the manipulation of ecological characteristics to heighten, intensify,



or improve one or more specific aquatic resource functions. It results in a gain of selected aquatic
resource functions, but may also lead to a decline in other aquatic resource functions. Neither
enhancement nor preservation results in a gain of aquatic resource area (US Army Corps of
Engineers & Environmental Protection Agency 2008). Following avoidance and minimization of
impacts, compensatory mitigation is the third measure of the three-step mitigation sequence
introduced by the 1990 Memorandum of Agreement (MOA) between the Environmental
Protection Agency (EPA) and US Army Corps of Engineers (the Corps). The sequence was
designed to guide mitigation decisions to determine appropriate levels of mitigation (Department

of the Army & Environmental Protection Agency 1990).

Three mechanisms are used to satisfy compensatory mitigation requirements for impacts
authorized under 8404 permits: mitigation banks, in-lieu fee (ILF) mitigation, and permittee-
responsible mitigation (PRM) (US Army Corps of Engineers & Environmental Protection
Agency 2008). A mitigation bank is a site, or suite of sites, where resources are restored, created,
enhanced, and/or preserved. ILF mitigation involves the restoration, creation, enhancement,
and/or preservation through funds paid to a governmental or non-profit management entity (ILF
program) that has or will plan and execute mitigation. ILF programs function more through the
instrument (i.e., legal documentation) for the establishment, operation, and use of the program
than mitigation banks because permittees pay funds to support future mitigation activity, not
completed work as with mitigation banks. Mitigation banks and ILF programs sell credits to
permittees whose obligation to provide compensatory mitigation is then transferred to mitigation
bank or ILF sponsors. Compensatory mitigation carried out through both mechanisms often

occurs on large, ecologically valuable parcels of land. This is intended to benefit watersheds by



involving more rigorous scientific and technical analysis, planning, and implementation than
PRM. Under PRM, mitigation activities are undertaken by the permittee or an authorized agent
or contractor hired by the permittee to provide compensatory mitigation. In this mechanism, the
permittee retains full responsibility for the mitigation. PRM may occur either within or outside of
the same area as the impact site (on- or off-site), and to a resource of similar (in-kind) or
different (out-of-kind) structural or functional type as the impacted resource. Compensatory

mitigation is always off-site in the cases of mitigation banks and ILF programs.

The Corps, which was formally authorized to issue permits for impacts to waters in the
1977 Amendments to the Clean Water Act, oversees mitigation requirements. They authorize
four types of permits: Standard permits, Letters of Permission, Nationwide permits, and Regional
permits. Standard permits and Letters of Permission are types of Individual permits, which
involve evaluation of individual, project-specific permit applications. Nationwide and Regional
permits are types of General permits, which are designed on a state, regional, or national basis
for impact for categories of activities that are similar in nature (Hough & Robertson 2008; US

Army Corps of Engineers 2012).

Loss of wetland acreage through gaps in the permit requirement and compliance
processes with compensatory mitigation is a concern. In a review of 75 compensatory mitigation
projects permitted in Orange, Riverside, Los Angeles, San Bernardino Counties in California
from 1987-1989, Allen & Feddema (1996) found a cumulative 77.33 ha of successful mitigation
for 80.47 ha wetlands lost due to impacts. This translated into a net loss of 3.14 ha of wetland (a
replacement ratio of 1: 0.96). Sudol & Ambrose (2002) reviewed 8404 permits in Orange

County, CA from 1979-1993, and observed that mitigation activities over that time period



covered 139 ha, which was greater than the 128 ha required by the permits. However, they also
found that 1.6 ha was lost where permittees were in absolute non-compliance (i.e., no required
compensatory mitigation attempted), and that acreage loss from small impact activities for which
mitigation was not required collectively totaled 21 ha. So despite the apparent success of the
permit program in replacing intended acreage, there was still a net loss of 11.6 ha in the region
over the study time period. Studies of compensatory mitigation in North Carolina, Tennessee,
and Massachusetts have also observed fewer acres gained through compensatory mitigation than

lost to impacts (Pfeifer & Kaiser 1995; Robb 2000; Brown & Veneman 2001).

Although many studies document lost acreage, other studies report the contrary. Holland
& Kentula (1992) investigated impacted and compensated wetland acreage in 8404 files from
1971-1987. They found an overall net gain of 79.6 ha of wetland documented during that period.
However, many files they reviewed contained incomplete information (38% were missing
acreage data for impacted wetlands and 42% were missing acreage data for compensatory
wetlands), so the conclusion of net wetland gain was based on estimated values. Ambrose,
Callaway & Lee (2007) reviewed compensatory mitigation in 143 Clean Water Act 8401
certification files (8404 permits are subject to this certification) from California, and verified that
impacted wetlands were compensated for at an overall 1.9:1 ratio in the study sample. In a more
detailed breakdown of the results, they observed that wetland gain did not characterize all permit
files. Seventy-two percent of permitted projects met or exceeded their acreage requirements,
28% had wetland loss, 39% had net loss of overall acreage, and 47% had net loss of navigable
waters acreage. In light of the mixed results in acreage accounting analyses, loss of acreage with

the compensatory mitigation program remains an important concern.



In addition to the issue of acreage loss, there is a concern of net functional loss in
wetlands with the compensatory mitigation program. Many compensatory wetlands do not
sustain the functions they were created to replace. For example, a salt marsh creation in San
Diego Bay, CA was intended to create eight ha of tall cordgrass stands to serve as nesting habitat
for the endangered light-footed clapper rail. The project did not install a substrate that sustained
cordgrass at a height required by the clapper rails, and thus failed to achieve its intended function
(Zedler & Callaway 1999). Sudol & Ambrose (2002) observed a 55% project success based on
permit compliance of 55 projects, but found only a 16% project success based on an in-field
vegetation-based qualitative assessment of the same projects. In study of 79 compensatory
mitigation sites in California, Ambrose & Lee (2004) deemed 30% of them to be “extreme
failures” when ecological services gained through their condition was compared to services lost
through corresponding impacts. The services evaluated in the study were flood storage, flood
energy dissipation, biogeochemistry, sediment accumulation, wildlife habitat, and aquatic
habitat. Ambrose, Callaway & Lee (2007) used the California Rapid Assessment Method
(CRAM) to evaluate the wetland ecological condition of 129 compensatory mitigation sites in
California. They observed that 24 % of the sites exhibited marginal to poor condition, 57%
exhibited sub-optimal condition, and only 19% of the sites exhibited optimal condition.
Associated with concern regarding loss of functions and services is a concern that compensatory
mitigation permit conditions do not give adequate, if any, attention to functional restoration
(Wilson & Mitsch 1996; Reiss, Hernandez & Brown 2009). In light of concerns of wetland
acreage loss and failure of compensatory mitigation to replace aquatic functions, it is highly

appropriate to continue to improve its design and practice.



This dissertation includes three studies designed to improve the success of compensatory

mitigation:

The first study investigates whether newer regulatory guidance intended to improve
compensatory mitigation has affected changes in compensation in southern California. In
2008 the Corps and EPA issued a compensatory mitigation Final Rule that included a
new compensation hierarchy prioritizing credit purchase from mitigation banks and ILF
programs and permittee-responsible mitigation with the watershed approach. We
evaluated numbers, sizes, and compensation types of 8404 projects permitted before
(2002-05) and after (2009-13) the Final Rule to see if regional practices shifted in later

years to favor these recommended forms of compensation.

The second study focuses on development of stream restoration performance curves to
help determine the success of stream restoration projects, including those conducted as
compensatory mitigation. The curves help to address the disconnection between required
monitoring periods and the actual time necessary to achieve ecological success. They are
based on a chronosequence of California Rapid Assessment Method (CRAM) data, and
demonstrate the hypothetical development of high performing projects over time. They

can be used to form expectations for restoration project performance.

The third study presents the development and testing of an aerial imagery-based remote
multi-metric assessment that can capture the condition of small riparian restoration
projects, and demonstrates how it can be used to monitor the development of individual
projects. This remote assessment is potentially a fast and inexpensive supplement for
monitoring compensatory mitigation and other stream restoration projects.

7



CHAPTER TWO: COMPENSATORY MITIGATION IMPLEMENTATION IN
SOUTHERN CALIFORNIA BEFORE AND AFTER THE 2008 RULE FOR

COMPENSATORY MITIGATION FOR LOSSES OF AQUATIC RESOURCES

Abstract

Section 404 of the Clean Water Act requires compensatory mitigation for replacement of
aquatic functions lost to adverse impacts. In 2008 the US Army Corps of Engineers and
Environmental Protection Agency issued a compensatory mitigation Final Rule (the Rule) that
included a new hierarchy for prioritizing compensation: (1) mitigation bank credits, (2) in-lieu
fee (ILF) program credits, (3) permittee-responsible mitigation (PRM) under the watershed
approach, (4) on-site and/or in-kind PRM, (5) off-site and/or out-of-kind PRM. To determine
how this compensation hierarchy was implemented in southern California, we evaluated
numbers, sizes, and compensation types of 8404 projects permitted before (2002-05) and after
(2009-13) the Rule. We hypothesized that after the Rule there would be no change in project
numbers and sizes; no change in net impact and mitigation acres; the proportion of third party
mitigation (i.e., bank and ILF mitigation) would increase and PRM would decrease; and the
proportion of off-site PRM would increase and on-site PRM would decrease. Contrary to the
predicted pattern, the proportion of third party mitigation projects decreased (35% before, 34%
after), as did the proportion of corresponding acres (34% before, 25% after). As predicted, the
proportion of off-site PRM increased and that of on-site PRM decreased. Off-site PRM acres

were greater than either third party or on-site PRM acres. While is it possible the Rule’s



compensation hierarchy influenced the trends of compensation types, external factors may also

have contributed to the patterns observed.

Introduction

It is estimated that over half of all global wetlands present in 1900 have been lost
(Davidson 2014), with much of the remaining areas degraded. In the conterminous United States,
an estimated 785,350 acres of wetland have been lost since the 1950’s (Dahl 2011b). In 1987 a
National Wetlands Policy Forum convened to address wetland loss recommended a “no net loss”
policy, which was brought to the forefront when embraced by the 1988 campaign of then-
presidential candidate George H. W. Bush (Hough & Robertson 2008). “No net loss” is largely
aided by 8404 of the Clean Water Act (CWA), which requires replacement of lost aquatic

resources through compensatory mitigation.

Compensatory mitigation is the restoration, establishment (creation), enhancement,
and/or preservation of aquatic resources to offset unavoidable adverse impacts (impacts) to said
resources (US Army Corps of Engineers & US Environmental Protection Agency 2008). It is the
third and final option in a mitigation sequence established by the U.S. Army Corps of Engineers
(the Corps) and the Environmental Protection Agency (EPA), following the (1) avoidance and
(2) minimization of impacts (US Department of the Army & US Environmental Protection
Agency 1990). Day-to-day management of compensatory mitigation through the 8404 permit

program is administered by the Corps.

Compensatory mitigation is achieved through three mechanisms: permittee-responsible

mitigation (PRM), mitigation banks, and in-lieu fee (ILF) programs. Under PRM, sites are



restored, enhanced, established, and/or preserved by the impacting party (the permittee) either
on-site or off-site of impact locations. The permittee remains responsible for the performance of
the compensatory mitigation project. A mitigation bank is a site, or suite of sites, where
resources have been restored, established, enhanced, and/or preserved. Banks are set aside for
future compensation of impacts through the sale of credits to permittees. Because banks sell
credits for approved instruments, they supposedly present lower risk, uncertainty, and temporal
loss of resource functions and services than PRM or ILF. (An instrument is the legal
documentation for the establishment, operation, and use of a bank or ILF program.) ILF
mitigation involves restoration, establishment, enhancement, and/or preservation through funds
paid to a governmental or non-profit management entity (ILF program) that already has, or will,
plan and execute mitigation (US Army Corps of Engineers & US Environmental Protection
Agency 2008). When permittees purchase credits from banks or ILF programs, the obligation to
provide compensatory mitigation is transferred to the bank or program. These transactions
constitute “third party”” compensation, with compensatory mitigation projects located off-site of

impact locations.

There are several concerns and criticisms about the effectiveness of compensatory
mitigation. Studies of compensation projects observed loss of wetland acres (Allen & Feddema
1996; Kettlewell et al. 2008) and function (Turner, Redmond & Zedler 2001; Brown & Veneman
2001; Stefanik & Mitsch 2012), sometimes due to a temporal lag in restored wetlands’ abilities
to provide services (BenDor 2009; Gutrich, Taylor & Fennessy 2009). Administratively, there
has been poor documentation, reporting, and monitoring of compensatory mitigation projects
(Holland & Kentula 1992), and non-compliance with permit requirements (Sudol & Ambrose

2002; Ambrose et al. 2007). A report on compensatory mitigation prepared by the National
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Research Council (NRC) in 2001 concluded that 8404 permits were often unclear, without
compliance being assured or attained (National Research Council 2001). In 2005, the U.S.
Government Accountability Office (GAO) concluded that the Corps’ guidance of compensatory
mitigation was inconsistent, and its oversight was uneven among mitigation types (US
Government Accountability Office 2005). That is, PRM, mitigation banks, and ILF were being
held to varied ecological and administrative standards. The GAO recommended that more
specific guidance with clarified expectations be established for compensatory mitigation

oversight.

In 2008, the Corps and the U.S. Environmental Protection Agency (EPA) issued a Final
Rule for Compensatory Mitigation for Losses of Aquatic Resources (the Rule) that consolidated
compensatory mitigation regulations and guidance to one set of regulations for its improved
quality and success. The Rule established equivalent performance standards and criteria by
requiring that a mitigation plan for each project be approved by district Corps engineers
regardless of the compensatory mitigation mechanism (US Army Corps of Engineers & US
Environmental Protection Agency 2008). It also prefers mitigation be within the same watershed
as the associated impact and where it is most likely to replace lost functions and services, and
promotes a watershed approach, an analytical process for making compensatory mitigation
decisions to support the sustainability or improvement of aquatic resources in a watershed
through watershed management planning. The Rule also presents a new compensation hierarchy
for mitigation: (1) mitigation bank credits, (2) ILF program credits, (3) PRM mitigation under
the watershed approach, (4) on-site and/or in-kind PRM, (5) off-site and/or out-of-kind PRM
(Table 2.1). An in-kind resource is of similar structural and functional type to the impacted

resource; an out-of-kind resource is different (US Army Corps of Engineers & US
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Environmental Protection Agency 2008). Prior to the Rule, a 1990 Memorandum of Agreement
(MOA) between the Corps and the EPA designated on-site, in-kind PRM as the first choice for
compensatory mitigation (US Department of the Army & US Environmental Protection Agency
1990). Now, due to the supposed lower risk of mitigation banks and ILF systems, they are

thought to be more reliable compensation methods than PRM (Hough & Sudol 2008).

Whether the Rule will improve compensatory mitigation remains undetermined. Skeptics
raise questions about several items, including the preference for mitigation banking, the reliance
on the watershed approach, and the general flexibility in the language used to communicate the
new guidelines—e.g., that several approaches are to be taken to an undefined “extent
practicable” (Murphy, Goldman-Carter & Sibbing 2009; Bronner et al. 2013). Due to the limited
amount of time since the Rule’s establishment, few studies have confirmed or refuted these
concerns, or its effectiveness in improving compensatory mitigation. BenDor & Riggsbee (2011)
found that exactly one year after the Rule was published, mitigation bankers still felt that
equivalent standards for mitigation mechanism were not being implemented. Beyond the results
of their study, there are myriad knowledge gaps about whether the Rule has changed

compensatory mitigation.

This study explores whether the Rule has changed how compensatory mitigation is
practiced in southern California. Focusing on freshwater aquatic resources, we evaluated whether
mitigation types followed the new compensation hierarchy after the Rule was issued. Was there
more mitigation bank and ILF credit purchase in the region, and less PRM, in years following the

Rule than prior to it? We hypothesized that after the Rule:
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e Project numbers and sizes would be similar to before;
e Net impact and mitigation acres would be similar to before;
e The proportion of third party mitigation would increase and that of PRM would decrease;

e The proportion of off-site PRM would increase and that of on-site PRM would decrease.

To test these hypotheses, we evaluated the compensation methods (i.e., third party credit
purchase, PRM, on-site, off-site), and associated impact and mitigation acres of 8404 projects

from ten southern California watersheds before (2002-05) and after (2009-13) the Rule.

Methods

Overview

We compared impacts and required compensatory mitigation acres in southern California
between time periods before (2002-05) and after (2009-13) the issuance of the Rule, and among
metropolitan statistical areas. Focusing on implementation characteristics, we also evaluated the
project numbers, acres, and relative proportions of mitigation conducted as PRM on-site, PRM

off-site, third party (credit) off-site, and combinations of those approaches.
Study area

We obtained the bulk of compensatory mitigation permit data for 2002-05 and 2009-13
through the Los Angeles and Santa Ana Regions of the Water Board. The Los Angeles Region
includes the Ventura River, Calluegas Creek, Santa Clara River, Santa Monica Bay, Los Angeles
River, and San Gabriel River watersheds in Ventura and Los Angeles Counties (Figure 2.1), and
the San Pedro Channel Islands. The Santa Ana Region includes the Anaheim Bay-Huntington

Harbor, Newport Bay, San Jacinto River, and Santa Ana River watersheds generally located in
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Orange, Riverside, and San Bernardino Counties. We excluded mitigation activities on the San

Pedro Channel Islands to focus our study on mainland watersheds.

To maintain grouping by regional characteristics, we separated the permits along US
Census Bureau metropolitan statistical area (metro areas) boundaries. A metro area includes a
core urban area with a minimum population of 50,000 and one or more counties surrounding the
urban area that have a high degree of social and economic integration with the core (US Census
Bureau 2015a). The watersheds in our study extended into three metro areas containing Ventura,
Los Angeles, Orange, San Bernardino, and Riverside Counties. Los Angeles and Orange
Counties form a metro area, as do San Bernardino and Riverside Counties. Ventura County is a

separate metro area.

Southern California is densely populated, with some of the fastest-growing cities in the
United States (Cohen, Hatchard & Wilson 2015). The collective population of Ventura, Los
Angeles, Orange, San Bernardino, and Riverside counties grew by over 1.5 million residents
from 2000 to 2010 to reach near 17.9 million in 2010, according to the US Census Bureau. Of
those counties, Riverside experienced the highest net population growth between 2000 and 2010
(644,264 resident increase; 41.69 % growth rate), and San Bernardino saw the second-highest

(325,776 resident increase; 19.06 % growth rate).

The increasing population was complemented by large investments in new building
development (Figure 2.2). From 2001 to 2013, the collective valuation of new privately owned
housing building units authorized by building permits in the five counties was over $114.9
billion (US Census Bureau 2015b). However, this era also spanned a national housing bubble

around 2001-06, followed by a housing market collapse around 2007, and a national financial
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crisis in 2007-09 (National Bureau of Economic Research 2015). Of the billions of dollars
represented by building permits in the counties, 67.2 % was authorized during 2001-06, and
32.8 % was authorized during 2007-13. Percent change of new housing permit net valuations
between the two study periods was -79% in the Ventura and San Bernardino-Riverside metro
areas, and -22% in the Los Angeles-Orange area (rounded to the nearest one percent) (US

Census Bureau 2015b). New building construction is a source of impacts to aquatic resources.

Data collection

The Corps maintains centralized 8404 permit information in the OMBIL Regulatory
Module (ORM), an automated information system, and in paper files. Unfortunately, ORM data
for permits issued before 2007 are not reliable, and the paper files were logistically challenging
to locate and review in large quantities due to their physical distribution throughout several
Corps offices. We found CWA 8401 certifications issued by the California State Water
Resources Control Board (Water Board) to be the optimal centralized source of the information
needed to test our hypotheses. Under 8401, applicants for 8404 permits must provide the Corps a
certification from the state where an impact occurs. For every 8404 permit issued by the Corp in
California, a complementary 8401 certification containing impact and mitigation details is

approved by the Water Board.

Section 401 mitigation is occasionally greater than what is required under a 8404 permit
because water quality and Waters of the State (WoS) are included in the purview of the Water
Board. We included impacts to WoS and corresponding required compensatory mitigation acres
in our analyses, rationalizing that their inclusion provided additional resolution to the picture of

impacts and compensatory mitigation that occurred in the area. The Water Board indicated it
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closely follows the trends in mitigation requirements of the Corps (LB Nye, Los Angeles
Regional Water Quality Control Board, pers. comm.). Therefore, we assumed the compensation

hierarchy was also applied in California WoS mitigation.

Our study included only projects with both the §404 permit and 8401 certifications dated
between 2002-05 or 2009-13. The Rule was fully adopted in April 2008, but Corps project
managers gradually began to prioritize methods of compensation in a new way as early 2006
(Dan Swenson, U.S. Army Corps of Engineers Los Angeles District, pers. comm.), when a
proposed rule was released. Therefore we excluded projects permitted during 2006-08 due to
uncertainties about how different forms of compensation were prioritized during the transition

period.

To obtain project information, we reviewed over 1,300 8401 certifications. We targeted
certifications with impacts to freshwater resources (i.e., streambed, wetland, lake, or riparian
areas). To simplify data collection and processing, we excluded certifications for impacts to
marine resources (i.e., ocean, bays, and estuaries), as most of these impacts were not permitted
under 8404 (they were permitted under the Rivers and Harbors Act 8§10, which the Corps and
Water Board also regulate). We collected the following information for each project as available:
impact location, 8404 permit type, acres of proposed temporary and permanent impact, impacted
wetland type, required compensatory mitigation acres, on-site or off-site mitigation, and whether
compensation was through PRM or a third-party. We did not verify that proposed impacts,
required compensatory mitigation acres, or proposed compensation methods were actually
implemented; all analyses were based on proposed impacts and required compensation. For

projects where data in 8401 certifications were insufficient, we referenced permit files kept by
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the Water Boards and the Corps, and ORM (for projects after 2007). Permit files may contain
relevant documents, such as habitat mitigation and monitoring plans and compensatory
mitigation project monitoring reports. We did not examine the permit file of every project due to

the logistical difficulty of obtaining and reviewing such a large number of files.

Some certifications reviewed did not separate acres of compensation through actual
replacement of aquatic resources from other forms of compensation. Other compensation
included cases where large tracts of land were preserved, or mitigation for impacts to California
Department of Fish and Game (CDFG) jurisdictional habitat was indicated. Preserved acres were
sometimes a mix of upland and wetland, and CDFG habitat includes upland. To focus on the
acres of aquatic resources gained through compensation, we removed projects where mitigation
acres included upland habitat. In cases of compensatory mitigation through preservation, the
preservation acres were removed from analyses, but restoration, enhancement, and creation acres
were included. We separately conducted analyses that included preservation and upland
mitigation acres, and the results were not qualitatively different from those we present. Results of

those analyses are in Appendix 2A.

Analyses

To understand general project characteristics, we examined projects’ permanent impact
and mitigation acres. To evaluate changes in project sizes from before to after the Rule, we
conducted Welch unequal variances t-tests for impacts and mitigation acres of individual projects
between 2002-05 and 2009-13. We evaluated cumulative acres of impact and mitigation to
determine the pattern of general impact and mitigation acreage between census areas and over

time.
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We classified mitigation associated with each project as “permittee on-site”, “permittee
off-site”, “credit off-site”, “permittee on-site & permittee off-site”, “permittee on-site & credit
off-site”, “permittee off-site & credit off-site”, or “unknown” mitigation types based on data
obtained from their associated permits and files. “Permittee” refers to PRM, and “credit” refers
third party mitigation, with no distinction between mitigation bank and ILF mitigation. To assess
shifts in frequencies of these compensation methods, we evaluated cumulative numbers of
projects using each method, and associated acreage. These were examined before and after the
Rule, and in proportion to all projects during each period. Analyses and graphics were developed

with R version 2.15.3 with ggplot2 version 0.9.3.1

Results

Overview of projects

We obtained details for 612 projects with impacted streambed, wetland, lake, or riparian
areas and corresponding compensatory mitigation. Fewer of these projects were located in
Ventura (93) versus in the Los Angeles-Orange and San Bernardino-Riverside metro areas (278
and 241, respectively) (Table 2.2, Figure 2.3). There were fewer projects in the second time
period, both overall and in each metro area. The balance of the 1,300 certifications initially
reviewed either did not contain compensatory mitigation, were ocean/bay/estuary projects, or did

not clearly occur during 2002-05 or 2009-13.

The majority of individual projects’ permanent impacts and mitigation acreages were less
than one acre (Figure 2.4). Projects’ permanent impact acres between 2002-05 and 2009-13 did

not differ (Welch’s p = 0.177), but there was a significant difference indicating more acres of
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mitigation per project prior to the Rule (Welch’s p = 0.007). Average mitigation acres per project
were 1.919 prior to the Rule, and 1.083 after. The projects’ permanent impact areas for the entire
sample ranged from 0.0001 to 16.3 acres; median impact size was 0.14 acres. Projects’

mitigation areas ranged between 0 and 74.5 acres; median mitigation size was 0.55 acres.

Cumulative required mitigation acres were greater than permanent impact acres during
both 2002-05 (786.718 acres mitigation; 231.875 impact) and 2009-13 (218.844 acres mitigation;
76.528 impact). Cumulative mitigation acres were also greater than impact acres in each metro
area during both time periods (Figure 2.5). Both impact and mitigation acres were constantly
lower in the Ventura metro area than in the Los Angeles-Orange and San Bernardino-Riverside

areas.

Compensatory mitigation evaluation

On-site PRM, off-site PRM, and off-site credit purchase were the most-represented
mitigation types (Table 2.3, Figure 2.6a, b). The relative proportion of on-site PRM decreased
over time from 40% of permits during 2002-05 to 27% during 2009-13. Off-site PRM increased
over time, comprising 11% of projects in 2002-05 and 20% in 2009-13. The relative proportion
of projects with off-site credit purchase remained relatively constant, experiencing only a 1%
shift between the two periods (35% in 2002-05 and 34% in 2009-13). A small proportion of
projects involved some combination of PRM and credit purchase and/or on-site and off-site
mitigation (8% in 2002-05, 6% in 2009-13). Projects for which mitigation types could not be

determined comprised 7% in 2002-05 and 14% in 2009-13.
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On-site PRM, off-site PRM, and credit purchase also comprised the greatest proportions
of mitigation acres (Figure 2.6¢, d). On-site PRM accounted for 38% of all acres in 2002-05 and
dropped to 20% in 2009-13. Off-site PRM comprised 11% of acres in 2002-05 and rose to 36%
in 2009-13. Mitigation through credit purchase comprised 34% of acres in 2002-05 and 25% in
2009-13. Combinations of PRM and credit and/or on-site and off-site mitigation comprised 14%
of acres during 2002-05 and 12% in 2009-13. Acres with unknown mitigation types comprised

4% and 9% in 2002-05 and 2009-13, respectively.

Discussion

Did the Final Rule affect mitigation patterns?

The observed mitigation patterns revealed a shift in compensation methods from before
to after the Rule. These changes may be due to the Rule, but also might have been influenced by
external factors including credit availability and economic influences on permit activity.
Although third party mitigation did not increase, it is possible the Rule encouraged off-site,
watershed-based mitigation. The shift toward off-site PRM observed after the Rule may suggest
more willingness on both the part of the Corps and permittees to consider off-site options. The
fact that patterns did not trend toward third party mitigation might reflect a shortage of bank or
ILF credits available to support credit-based compensation, keeping compensation as PRM off-
site. Mitigation bank sales are limited by the amount of credit release, which can be tied to
different steps in the mitigation banking process such as land acquisition, hydrology
establishment, vegetation planning, and performance measure completion (Robertson 2006). ILF
credit sales may have slowed while programs implemented internal reforms required by the Rule.

These new requirements included having in place formal mitigation instruments with advanced
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planning frameworks, providing compensatory mitigation to offset temporal losses, detailed
financial accounting requirements, and undergoing interagency and public review (Hough &
Sudol 2008; Wilkinson 2009). A 2006 Environmental Law Institute review of 38 ILF programs
nationwide revealed that some programs would need to substantially adjust their practices to

meet new requirements by the designated 2010 deadline (Wilkinson 2009).

Future research could investigate whether third party mitigation providers faced sales
constraints after the Rule by analyzing project details and credit purchase records. The Corps has
established a public, on-line Regulatory In-Lieu Fee Bank Information Tracking System
(RIBITS,; ribits.usace.army.mil). This working database includes credit ledger transactions, and
was designed to be kept current by giving some bank managers updating permissions (Martin &
Brumbaugh 2011). If updated as intended, this tool may be an excellent resource for studying

trends in compensatory mitigation through credit purchase.

It is also possible economic factors concurrent with the Rule influenced the results of the
analysis. The drop in permit numbers was likely connected to economic recession. The results
contradicted our predictions of steady project numbers, sizes, and acres; each of those decreased
in the second time period. These decreases occurred not only in concert with the issuance of the
Rule, but also with the 2007-09 financial crisis. As mentioned earlier, our greater study period
(2002-13) included a big decline in housing permit valuation in southern California. Between
2007-10, the national construction industry decreased by 19.8%: residential construction jobs
decreased by 27% and nonresidential, by 14.8% (Goodman & Mance 2011; Hadi 2011).

Decreases in construction almost certainly led to fewer impacts, fewer permits, and less
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compensatory mitigation. This chain of logic is supported by the large negative percent changes

in both new home permitting and 8404 project numbers in the study area.

Economic recovery efforts following the financial crisis were also potentially related to
the relative increase in off-site PRM. The predominant permittees right after the Rule (and
recession) might have favored off-site PRM over third party mitigation. This would produce
results (as were observed) that deviated from the predicted proportional increase in compensation
through credit and corresponding decrease in PRM. The American Recovery and Reinvestment
Act of 2009 (ARRA) was signed into law to stabilize and stimulate the economy after the
recession. This stimulus provided a surge in public construction funding: $105.3 billion was
promised to infrastructure investment, including $48.1 billion for transportation (Honek, Azar &
Menassa 2011; Kim et al. 2014). Public agencies competed for funds, and the public
construction sector surged with roadway and other projects. It is likely that public agencies were

better-represented among 8404 permittees in years following 2009 than prior to it.

Furthermore, public agencies, such as state transportation agencies, often conduct
compensatory mitigation through single-client banks (US Army Corps of Engineers 1995;
Martin & Brumbaugh 2011). In these banks, the sponsor initiates the bank, produces its
mitigation credits, and is also the principal client. Because the permittee supplies their own
credits, our study design did not categorize these scenarios as third party mitigation, but as off-
site PRM. The observed increase in off-site PRM may be explained in part by the public funding
increase in combination with a propensity of the funded agencies toward single-client mitigation
banks; this could also be tied to the relative decrease in on-site PRM. This explanation of

observed mitigation type patterns could be tested through further analysis of permittee
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characteristics and additional review of specific mitigation mechanisms. Time constraints

precluded this analysis at this time.

Multiple factors potentially affected compensation methods following the Rule. Some of
the predicted patterns were not supported by the results, and those that were supported could also
be explained by alternative influences. In the longer term, more evidence of change in
compensation types that can be attributed to the compensation hierarchy may emerge, possibly in
a geographic region (as we tested) or within a subset of permits (e.g., permits granted to private

applicants).

Other facets of the Rule

Although our analyses focused on the new hierarchy of prioritization, we thought it
relevant to comment briefly on other facets of the Rule. Ultimately, the Rule was intended to
improve compensatory mitigation. We think the Rule’s requirement that mitigation plans be
developed for all projects has great potential to improve oversight of compensatory mitigation.
Well-detailed mitigation plans are incredible information sources, especially when
complemented by annual monitoring reports. Our information collection process was arduous.
We searched for specific, basic data in 8401 certifications, ORM, and §404 permit files, and still
could not confirm the impact acres, mitigation acres, or mitigation types of several permits.
When available, we found mitigation plans that included site, project, and mitigation descriptions
to be the most useful single sources of information about compensatory mitigation associated
with a permit. Helpful monitoring reports confirmed or denied whether compensatory mitigation
was attempted in the size, type, and location initially proposed. Records confirming execution of

proposed plans are valuable for project management. Past studies have uncovered cases of
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mitigation non-compliance (e.g., Sudol & Ambrose 2002; Ambrose et al. 2007), but organized
and detailed mitigation planning and monitoring can help regulatory program officials follow

mitigation progress, leading to better oversight and higher mitigation success.

The ultimate goal of the watershed approach is to maintain and improve the quality and
quantity of aquatic resources within a watershed through strategic selection of sites (US Army
Corps of Engineers & US Environmental Protection Agency 2008). The rationale of the
watershed approach has not been questioned (National Research Council 2001). However, the
Rule’s emphasis of the watershed approach received criticism from those troubled that watershed
management plans, the expected vehicles for accomplishing the approach, had not been
developed (Mann & Goldman-Carter 2008; Murphy et al. 2009). Planning efforts in the southern
California watersheds included in our study suggest that this concern has been lessened. We
found watershed management plans or programs for all ten watersheds included in our study.
Undoubtedly, organizations and agencies in other U.S. regions have likewise developed

watershed management plans in the years since the Rule was issued.

Concerns about mitigation

This study examined the logistical influence of the Rule; however, the ultimate question
is whether it will help the nation achieve the goal of “no net loss.” There are multiple concerns

about the mitigation process for which the Rule does not make provisions.

The Rule does not provide incentives or guidance for avoiding and minimizing impacts
before involving compensation (Bronner et al. 2013). It does state that compensatory mitigation
is to take place to offset impacts that remain after “appropriate and practicable avoidance and
minimization has been achieved” (US Army Corps of Engineers & US Environmental Protection
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Agency 2008). However, critics suggest that the first two steps of the ‘avoid, minimize,
compensate’ sequence are not given proper weight (Murphy et al. 2009). Avoidance and
minimization are especially crucial for difficult-to-replace resources (e.g., bogs, fens, springs,
streams, Atlantic white cedar swamps) (Mann & Goldman-Carter 2008). The Rule acknowledges
that they are hard to replace (although some, if not all, are actually impossible to replace (e.g.,
Bernhardt et al. 2005)), yet merely specifies that required compensation should be provided “if
practicable” through in-kind methods. Bronner et al. (2013) suggested incentivizing avoidance
and minimization through measures such as higher compensation ratios, an ecosystems service
tax on compensation, or more protective zoning laws. We observed fewer impacts before versus
after the Rule, with no significant change in project sizes. As mentioned, we attributed the
decrease in numbers to the economic climate. Project impacts could be reduced if effective
guidance and incentives to avoid and minimize impacts were present to complement the required

8404 mitigation process.

The Rule does not appease the criticism that preservation is not compensation. The 1990
MOA allowed preservation in “exceptional circumstances” and the Rule states its application “in
certain circumstances,” a change in wording considered by some to aggravate an overreliance on
preservation (Murphy et al. 2009). Regardless of the emphasis placed on the method, nothing
changes the fact that (as the Rule states) “preservation does not result in a gain of aquatic
resource area or functions.” There is value in preventing the decline of resources, but it is
illogical that an activity (i.e., preservation) that does not increase wetland acres, function, or

services compensates for losses of wetland acres or attributes (Ambrose et al. 2007).

25



The Rule does not help individual projects meet “no net loss” by avoiding project failure
and temporal loss of functions. Projects have been deemed failures due to 8404 permit non-
compliance and lost acres. In a study of 114 constructed mitigation wetland projects in
Massachusetts, Brown & Veneman (2001) found that over half were not in compliance. Their
shortcomings included poor hydrology, insufficient plant cover, and that some were smaller than
required. In their sample of 391 permits, required compensatory mitigation efforts were not
initiated in 21.9%. Sudol & Ambrose (2002) observed in a study of 55 mitigation projects in
southern California that 55% successfully met non-acreage permit requirements, 35% met some
requirements, and 11% completely failed to meet any. Their study also noted that two sites

where mitigation should have occurred were unbuilt, resulting in 1.6 ha lost.

Projects have also been deemed failures due to lost ecological function. Of the projects
that met all or some permit requirements in the study by Sudol & Ambrose (2002), 20% were
considered ecological failures by researchers who visited the sites. Zedler & Callaway (1999)
described a wetland compensatory mitigation project in southern California that was intended to
provide habitat for an endangered bird species, but inadequate soil quality stunted vegetation
growth, and the project failed to meet agency expectations. These problems can occur even under
the provisions of the Rule; mitigation plans and a prioritization hierarchy will not prevent
incidents where projects are never constructed or ecological restoration efforts fall short of

intended function.

Temporal loss, or time lag loss, is where ecological capital is lost in the time required for
mitigation projects to develop functional equivalency. Gutrich & Hitzhusen (2004) valuated the

cost of time lag loss of constructed wetlands, estimating that lags cost an average $16,640 per
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acre at Ohio sites, and $27,392 per acre at high elevation Colorado sites. Temporal loss occurs in
PRM during the years that projects develop. In third party mitigation, it is a point of controversy
because sponsors are allowed to sell credits that are not yet connected to actual physical
mitigation activities. The Rule permits banks and ILF programs to release portions of credits
upon mitigation plan approval, and when other milestones are achieved. Robertson (2006)
described how 70% of mitigation credits in Chicago banks are released for sale before sites
achieve performance criteria. When projects eventually achieve performance criteria, functions
have been lost in the temporal lag between the time of the impacts for which credits were sold

and project completion (Robertson 2006; BenDor 2009).
Final thoughts

The history of the past half-century demonstrates that our national efforts towards “no net
loss” of aquatic resources have been effective towards our goal. Average annual national wetland
loss was 458,000 acres in the 1950s to 1970s; 290,000 acres in the mid 1970s to the mid 1980s;
and 58,500 acres between 1986 and 1997 (Frayer et al. 1983; Dahl & Johnson 1991; Dahl 2000).
From 1998-2004, wetland area increased by an average 32,000 acres annually (Dahl 2006). The
8404 program and compensatory mitigation are credited for these improvements (Dahl 2000,
2006). Over time, institutions undergo review and receive revised guidance based on situational
context and available expertise. The Final Rule is the latest product of this process for mitigation.
As the U.S. continues to critique, revise, and refine regulatory and scientific processes to manage
mitigation, the effectiveness of the methods and mechanisms of this institution should further

progress.
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Tables

Table 2.1. Compensatory Mitigation Final Rule compensation hierarchy.

1. Mitigation bank credits

2. ILF program credits

3. Permittee-responsible, watershed approach
4. Permittee-responsible, on-site and/or in-kind

5. Permittee-responsible, off-site and or out-of-kind
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Table 2.2. Numbers of projects requiring compensatory mitigation before (2005-05) and after
(2009-13) the Rule with percent change. Projects are grouped by U.S. Census Bureau
metropolitan area.

Metro area 2005-05 2009-13 % Change N

VC 72 21 -71.2 93
LAC_OC 173 105 -41.3 278
SBC_RC 165 76 -54.7 241
Total 410 202 -50.7 612
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Table 2.3. Numbers and corresponding percentages of projects and cumulative required mitigation acres grouped by mitigation types.
Numbers are separated into periods before (2002-05) and after (2005-09) the Rule. Percentages are of the number of projects per
period and rounded to the nearest percent.

Mitigation Type Number of projects Cumulative mitigation acres
credit off-site 144 (35%) 68 (34%) 264.739 (34%) 53.882 (25%)
permittee on-site 163 (40%) 54 (27%) 300.190 (38%) 39.953 (18%)
permittee off-site 43 (11%) 40 (20%) 85.463 (11%) 79.652 (36%)
permittee on-site & credit off-site 19 (5%) 3 (2%) 72.727 (9%) 7.980 (4%)
permittee off-site & credit off-site 5 (1%) 2 (1%) 7.362 (1%) 1.810 (1%)
permittee on-site & permittee off-site 8 (2%) 6 (3%) 27.320 (4%) 15.870 (7%)
unknown 28 (7T%) 29 (14%) 28.917 (4%) 19.698 (9%)
Total 410 202 786.718 218.844
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Figure 2.1. The meta-analysis study area in southern California, USA. The area encompassed ten
watersheds located in five counties. Watershed boundaries and labels are white; county
boundaries and labels are black.
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Figure 2.2. Valuation of new privately owned housing units authorized for development in five
southern California counties during 2001-2013. The counties are grouped into three metro areas
by the United States Census Bureau: Riverside and San Bernardino Counties, Los Angeles and
Orange Counties, and Ventura County. Data are from the U.S. Census Bureau
(Www.census.gov).
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Figure 2.3. Numbers of projects requiring compensatory mitigation before (2002-05) and after
(2009-13) the Rule. Projects are grouped by metro area: Ventura (VC), Los Angeles-Orange
(LAC_OC), and San Bernardino-Riverside (SBC_RC). Total N = 612.
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Figure 2.4. Acres of proposed permanent impacts and required compensatory mitigation for
individual projects before (2002-05) and after (2009-13) the Rule. Welch t-test p=0.177 for
impacts; mitigation p=0.007. Projects were located in Ventura, Los Angeles, Orange, San
Bernardino, and Riverside counties. Total N = 612.
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Figure 2.5. Cumulative proposed impact and required mitigation acres. Data are divided by time
periods before (2002-05) and after (2009-13) the Rule, and grouped by US Census Bureau metro
areas: Ventura County (VC), Los Angeles and Orange counties (LAC_OC), and San Bernardino
and Riverside counties (SBC_RC).
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Figure 2.6. Compensatory mitigation types reported by project permits: (a) project numbers, (b)
relative proportion of project numbers, (c) cumulative acres, and (d) relative proportion of
cumulative acres. Projects are divided by periods before (2002-05) and after (2009-13) the Rule.
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Appendix 2A: Results of Analyses Including Preservation and Upland Mitigation Acres

impacts mitigation

800 =

600 -

w)
D
O
©
o . 2002-05
% 400 -
= . 2009-13
£
=]
3

200 =

o EE l— L l_
1 1 1

1 1 1
VC  LAC_OC SBC_RC VC  LAC_OC SBC_RC

Metro areas

2A.1. Cumulative proposed impact and required mitigation acres of study sample including
projects where wetland enhancement, restoration, or creation was combined with preservation
and compensation in upland areas. Data are divided by time periods before (2002-05) and after
(2009-13) the Rule, and grouped by US Census Bureau metro areas: Ventura County (VC), Los
Angeles and Orange counties (LAC_OC), and San Bernardino and Riverside counties
(SBC_RC). N =628. Acres of impact before the Rule: 244.589; mitigation before: 1438.563,;
impacts after: 78.761; mitigation after: 312.704.

38



200 - 200 -

100 - 100 - .
c
B 2
Q % )
E 2
Y— L ]
5
- 50 - s 50- 1 1
w
3] o) :
< 30- Q 30- 1
L
. s
[ ]
. i
10 - . 10 -
i |
5- . 5 -
[ ]
2- [} 2 -
1- . 1-
[ ; ] [ 1 |
1 1 1 1
2002-2005 2009-2013 2002-2005 2009-2013

2A.2. Acres of proposed permanent impacts and required compensatory mitigation for individual
projects including projects where wetland enhancement, restoration, or creation was combined
with preservation and compensation in upland areas before (2002-05) and after (2009-13) the
Rule. N = 628.
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2A.3. Compensatory mitigation types among projects including projects where wetland
enhancement, restoration, or creation was combined with preservation and compensation in
upland areas. Projects are divided by periods before (2002-05) and after (2009-13) the Rule.
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2A.4. Cumulative proposed impact and required mitigation acres for only the projects where

wetland enhancement, restoration, or creation was combined with preservation and compensation
to upland areas. Data are divided by time periods before (2002-05) and after (2009-13) the Rule,
and grouped by US Census Bureau metro areas: Ventura County (VC), Los Angeles and Orange
counties (LAC_OC), and San Bernardino and Riverside counties (SBC_RC). N = 42. Acres of

impact before the Rule: 50.885; mitigation before: 674.601; impacts after: 4.077; mitigation
after: 95.860.
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2A.5. Acres of proposed permanent impacts and required compensatory mitigation for only the
projects where wetland enhancement, restoration, or creation was combined with preservation
and compensation in upland areas before (2002-05) and after (2009-13) the Rule. Subset n = 42.
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CHAPTER THREE: DEVELOPMENT OF RESTORATION PERFORMANCE CURVES
FOR STREAMS IN SOUTHERN CALIFORNIA USING AN INTEGRATIVE

CONDITION INDEX

Abstract

Determining success of stream restoration projects is challenging, in part due to the
disconnection between required monitoring periods and the actual time necessary to achieve
ecological success. Performance curves could help address this challenge by illustrating likely
developmental trajectories of restored streams. We applied the California Rapid Assessment
Method (CRAM), an integrative index of stream condition, in a ten year chronosequence to
create performance curves that project the development of highly functioning streams for 30
years following restoration. CRAM scores for high functioning sites between zero and ten years
were plotted against time since restoration. Best-fit curves were derived using either power
functions or polynomial functions, depending on the CRAM metric. We tested the curves’ ability
to predict conditions for other projects across a range of ages, flow conditions (ephemeral to
perennial), and physiographic settings. The curves are able to predict the time required for
projects to achieve reference-level scores for the CRAM index (27 years) and Hydrology and
Biotic Structure attributes (1 year), but underestimate the time required for projects to achieve
reference-level scores for the Physical Structure attribute (> 30 years). Generally, stream
restoration performance curves based on CRAM scores could guide expectations for restoration

project performance.
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Introduction

Evaluating the success of restoration projects is one of the most important, yet most
difficult, elements of stream and wetland monitoring. Time poses a particular challenge when
determining success. Systems can take decades to reach functional maturity (Zedler & Callaway
1999; Craft et al. 2003; Lennox et al. 2011). However, monitoring periods typically end long
before projects reach such maturity, making it difficult to determine success before the end of
required monitoring. We addressed these challenges by developing performance curves that

allow us to forecast how stream restoration projects will perform at future time points.

Kentula et al. (1992) proposed the use of the performance curve as a key analytical tool
for restoration monitoring because they can be used to visually and mathematically demonstrate
developmental trajectories of wetland function or condition in years following restoration efforts
(Figure 3.1). Kentula et al. suggested that curves may be useful to indicate the best time to begin
monitoring, to predict future ecological condition, and to demonstrate whether projects have met

their restoration goals.

Chronosequence and time-series methods are two common approaches for assessing the
development of ecological function or condition over time. In the time-series approach, curves
are developed using ecological data that were repeatedly collected at the same study sites over an
extended time period (Craft et al. 1999; Craft, Broome & Campbell 2002; Craft et al. 2003;
Gutrich et al. 2009). Collection of time-series data requires foresight and resources to select
study sites, and the ability to sample them consistently over long time periods. In the
chronosequence approach, data from multiple restoration projects of different ages are applied to
develop curves using space-for-time substitution (Stevens & Walker 1970; Knops & Tilman
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2000; Morgan & Short 2002). This method is especially useful for creating curves when limited
long term data is available at a sufficient number of sites or when there is a desire to generalize

curves across a range of stream or wetland types.

Past studies have developed curves based solely on specific ecological attributes. Many
such studies have focused on vegetation-based indicators (Matthews, Spyreas & Endress 2009;
Matthews & Spyreas 2010). Others have used a wide range of attributes including soil
development, microbial processes, algal growth, benthic invertebrate density and diversity,
sediment deposition, and organic matter (Craft et al. 1999, 2002, 2003). Because ecological
attributes change at different rates post-restoration (Craft et al. 2003), several single-attribute
curves would be needed to comprehensively evaluate the recovery of an entire wetland or stream

system.

Integrative indices of biotic, physical, and other environmental conditions have the
potential to more clearly capture overall ecological performance than single ecological attributes.
However, few studies have attempted to develop performance curves with an integrated index of
condition to assess restoration success. In this study, we developed performance curves for
streams using the California Rapid Assessment Method (CRAM; Stein et al. 2009; California
Wetlands Monitoring Workgroup 2013), which integrates information about streams’ and
wetlands’ surrounding landscape context, hydrology, physical structure, and biotic structure to
describe their overall ecological condition. Our goals were: (1) to develop stream performance
curves based on a chronosequence of different restoration projects; (2) to use the curves to
determine whether restored streams reach condition levels comparable to minimally disturbed

reference sites and, if so, to find the time to reach those levels; (3) to evaluate how the
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performance of different attributes of riverine (stream) CRAM vary in timing and trajectory; and
(4) to test the validity of the curves by determining how restoration projects not used in curve

development performed when measured against the derived performance curves.

Methods

We developed chronosequence performance curves to demonstrate the hypothetical
trajectories of high performing stream restoration projects in southern California. We compiled a
list of stream restoration projects that involved stream channel construction of varying ages up to
30 years from regulatory and resource agencies. We assessed the projects using CRAM, and used
the highest scoring projects aged 0-10 years old to construct the curves. We determined whether
curves reached reference-level performance with reference site CRAM data that approximated
natural or near-natural conditions (Solek et al. 2010). We tested the validity of the curves using

projects not used for curve development.

Study sites

For construction of meaningful curves, we selected projects using criteria to ensure
sufficient homogeneity in our sample pool. All projects were located in coastal-draining
watersheds in the southern California region, USA (Figure 3.2), and consisted of mechanical
channel grading and riparian re-vegetation. Enhancement projects, including those focused solely
on invasive species control and/or re-vegetation without actual channel re-contouring, were
excluded from curve development. We targeted accessible projects where the restored reach
length was near or greater than 100 meters, the minimum length required for a riverine CRAM
assessment. The projects were in stream channels classified by CRAM standards as non-

confined, meaning the width of the valley across which the riverine system could migrate
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without encountering a hillside, terrace, or other feature that was likely to prevent further
migration was at least twice the average bank-full width of the channel (California Wetlands
Monitoring Workgroup 2013). This allowed us to calculate the CRAM index score in the same

manner for each project.

To locate projects we reviewed publicly available restoration databases and Clean Water
Act § 404 permit files, and obtained recommendations from agencies and organizations
participating in restoration project funding, monitoring, and research (Table 3.1). We found 55
projects located in 11 watersheds from Santa Barbara to San Diego counties that met our criteria.
Project ages ranged from 1-26 years old post-restoration (Appendix 3A). For five projects, the
exact restoration dates could not be located, so we estimated their ages based on year of Section

404 permit issuance.

CRAM data collection

We conducted one CRAM assessment at each of the 55 restoration projects using the
riverine module versions 6.0 (in 2012) and 6.1 (in 2013). Version 6.1 includes minor updates and
clarifications, and the two versions do not yield different scores. CRAM is a field-based rapid
assessment tool used to evaluate the ecological condition of wetlands in California. It is
comprised of separate modules for different wetland types, with the field indicators customized
for the specific wetland type of interest. The riverine module of CRAM consists of a series of
metric and sub-metric observations grouped into four attributes: Buffer and Landscape Context,
Hydrology, Physical Structure, and Biotic [Vegetation] Structure (Table 3.2). Observations are
conducted over a 100-200 meter long stream reach, identified as the assessment area (AA). Sub-

metrics, metrics, and attributes are all described by field indicators that are assigned numerical
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scores. The scores are applied to an algorithm to produce a numerical CRAM index. The index
and attribute scores range from 25 to 100; higher scores imply better ecological condition. We

also used CRAM data from the eCRAM database (www.cramwetlands.orqg) for seven central

California region projects and ten southern California reference sites. Reference sites had
relatively un-impacted surrounding landscapes and displayed high biotic integrity according to
California’s stream and river Reference Condition Management Program. The assessments in the
statewide CRAM database are performed by trained practitioners and conform to standard

methods and quality control measures.

Curve development

With the chronosequence approach, we developed riverine performance curves that
display data against project age. We created curves for the CRAM index; Hydrology, Physical
Structure, and Biotic Structure attributes; and select metrics and sub-metrics. Although we
conducted CRAM in its entirety, we developed performance curves only for CRAM components
that are influenced by restoration work inside of the CRAM assessment areas (AA). Therefore,
we did not produce curves for the Buffer Landscape Context attribute, its associated metrics, and
the Water Source metric of the Hydrology attribute, items unaffected by restoration actions.

However, these components were included in CRAM index calculations.

Performance curve formation involved three steps: choosing a set of projects, establishing
how to anchor the curves at time-zero (to), and finding the best-fit mathematical functions to
determine curve shapes. We used projects ten years old or younger that involved perennial or
intermittent flow and with stream channels entirely graded prior to restoration. Twenty-two

projects fit these criteria; none were under two years old. We withheld southern California
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projects over ten years old, those with ephemeral flow, and those partially graded at the time of
restoration from curve development for testing the validity and transferability of the performance

curves.

We set to between initial grading and restoration (e.g., planting). Because the channels
were fully graded, we used the lowest Physical and Biotic Structure scores (25) to represent to
conditions. We estimated Buffer and Landscape Context and Hydrology scores using planning
documents and historical aerial imagery from Google Earth™, We combined the estimated to

CRAM scores with field data to develop the performance curves.

We used the highest CRAM index scores of each year to generate curves that represented
high performing streams. We also applied the highest yearly scores of each attribute to create
attribute curves. Therefore, the lists of projects used to generate each attribute curve varied.
Metric and sub-metric curves were generated with data from the same projects used to create
their parent attribute curves. For example, data forming the Channel Stability and Hydrologic
Connectivity curves were from the same projects used to develop the Hydrology attribute curve.
No data were available to represent years one, three, and nine. We regressed exponential,
logarithmic, linear, polynomial, and power functions to the data and identified the function with
the highest R? for regression value for each data subset using Microsoft Excel™. With the best-
fitting functions, we inferred curve trajectories to 30 years, and drew error bands around the
curves: x 10 for the CRAM index, + 5 for attributes, and + 3 for metrics and sub-metrics (Figure
3.3). These values are based on the reported inter-user variability for CRAM (California
Wetlands Monitoring Workgroup 2009) and the consideration that metrics and sub-metrics could

potentially be scored one grade higher or lower during assessment.
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We formed reference envelopes using an approach similar to that of Craft et al. (2003).
For each curve, we calculated corresponding mean data values from the ten reference sites and
established 95% confidence intervals around those values. We considered a curve to have
reached reference performance when it crossed the reference mean, and also noted when the

upper boundary of the performance curve error bands crossed into the reference envelope.

Performance curve validation and testing

We tested the CRAM index performance curve by comparing it to CRAM scores from
sites not used for curve development. Test groups were: restoration projects older than ten years
old, projects located in central California (outside the region used for curve development),
projects with ephemeral flow, and partially graded projects. We predicted: (1) CRAM scores
from the older (over ten years) projects would meet the curve, demonstrating its forecasting
ability. (2) Central California projects would perform in the same range as southern California
projects, with the best sites falling on the curve, thereby indicated transferability of the curves to
adjacent regions. (3) Ephemerally flowing projects would score below the curves. The flashy
hydrology and limited hydration for riparian vegetation in ephemeral streams may suppress their
rate of development relative to intermittent and perennially flowing streams, resulting in lower
scores. (4) Partially graded projects would exceed the curves. Because these projects began with
better time-zero conditions and experienced less disturbance than those used to form the curves,

we predicted they would reach reference conditions faster with better overall condition.
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Results

Curve development

We produced 18 CRAM-based performance curves that illustrate the expected
trajectories of high-performing southern California stream restoration projects for 30 years post-
restoration (Appendix 3B). The CRAM index and Hydrology, Physical, and Biotic Structure
attribute curves were described by power functions, with rapid rises in condition followed by
flattened rates of change (Figure 3.4). Metrics and sub-metric curves were described by a

mixture of power and polynomial functions (Table 3.3, Appendix 3B).

The Hydrology (R? = 0.531) and Biotic Structure (R? = 0.934) curves achieved reference
means at fourteen and seven years following restoration, respectively (Figure 3.4b, 4d). Both
curves crossed the error bands around 1 year. While the CRAM index curve (R? = 0.848) did not
cross the reference mean within 30 years, its error band crossed the reference envelope at year 27
(Figure 3.4a). Neither the Physical Structure main curve (R? = 0.320) nor its error band reached

any reference standard within 30 years (Figure 3.4c).
Curve testing

Of the projects over ten years old (n = 6), one score was near the main CRAM index
curve, and another within the lower bound of the error band (Figure 3.5a). No projects scored
above the curve, and four scores were below the band. The older projects did not generally
adhere to the curve, indicating they were in poorer condition than expected. However, the sample
pool was likely not representative of the range of projects, so our results were inconclusive as to

whether the curves accurately predict older projects’ performance.
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Scores of four central California projects (n = 7) were near the main curve, one was
above the upper error band boundary, and two were below the lower band boundary (Figure
3.5b). The close proximity of four projects to the curve and one that exceeded curve predictions
suggest that these curves are suitable for central California projects; greater support for this
conclusion should be developed through collecting CRAM data from additional restoration

projects outside the southern California region.

Two of seven scores from ephemeral flow projects were near the main curve, and the
remaining five were below the error band (n = 7; Figure 3.5¢). Two scores were farther below
the curve than projects from any other test categories. Ephemeral projects may encompass a wide
variety of characteristics resulting in both high and very low scores, which is important to note
when assessing their performance. In rare cases they may achieve scores close to those expected
for intermittent or perennial sites, but their group’s collective performance suggests they

generally yield lower CRAM scores.

Most of the partially graded projects performed near the curve and within the error band,
but not all projects exceeded the curves as predicted. Half the scores (10 of n = 20) were above
the curve; three of those were above the error band. Ten scores were below the curve; one of
those was below the band. The concentration of the scores around the main curve suggest the
curve predicts the performance of these types of projects. However, because many partially
graded projects exceeded the curve, which demonstrates optimal performance, we think the
development of separate curves for this category would provide more appropriate targets for

partially restored projects.
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Discussion

Performance curve development

This study is one of the first efforts to operationalize the performance curve concepts
promoted by Kentula et al. (1992). They proposed using performance curves to identify the time
needed for projects to reach stable states, and to compare curves to reference conditions to
measure the replacement of wetland function in human-manipulated (e.g., created or restored)
wetlands. However, in the 20 years since Kentula et al. introduced the concept of performance
curves, we are not aware of any example of curve development and application for streams.
Kentula et al. suggested that curves can be used to represent condition or function over time; our
results validated their hypothesized concepts. Previous studies used ecological indicators (e.qg.,
plants) as surrogates for function (Craft et al. 1999, 2003; Matthews et al. 2009; Matthews &
Spyreas 2010; Stefanik & Mitsch 2012). Results of this study suggest that curves based on
CRAM reflect development of overall stream condition. The CRAM attributes performance
curves based on ecologically comprehensive attributes or condition indices can be used to
reliably depict systemic development over time. Kentula et al. (1992) also suggested a
recovering system approaches a natural reference standard and reaches a steady state, a concept
supported by our CRAM index curve. Our index and attribute data consistently fit best with
power functions, implying that recovering stream trajectories generally assume that function

shape.

This study also shows that overall condition indices, such as CRAM, can provide an
efficient way to measure ecological condition in the context of a chronosequence. CRAM is an

appropriate assessment tool for generating performance curves because it is grounded in
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ecological theory and has been validated and calibrated against quantitative data including
riparian bird diversity, an index of biotic integrity based on benthic macro invertebrate diversity,
and indices of landscape context or condition (Sutula et al. 2006). These intensive measures of
wetland condition verified that CRAM attributes accurately represent ecological condition, so

curves based on CRAM provide robust predictions of expected ecological condition.

The power function shape of the hypothetical performance curves is a valid post-
disturbance recovery pattern. Studies have demonstrated this pathway with wetland invertebrate
(Craft et al. 2003), soil (Zedler & Callaway 1999), and vegetation metrics (Morgan & Short
2002; Matthews et al. 2009). McMichael et al. (2004) created a chronosequence of post-fire
chaparral vegetation recovery in central California based on leaf area index (LAI) values found
using satellite data. LAI describes the total transpiring leaf surface, and therefore general
vegetation development, above a given ground area. Their LAI-based curve followed a power
curve shape over a 0 to 81 year post-disturbance timespan. Hope, Tague & Clark (2007)
demonstrated the same developmental shape through a time-series examination of a single, fire-
disturbed site in the same region using the normalized difference vegetation index as their
measure of ecological function. The development and stabilization of ecological function
depicted in these studies indicated that post-disturbance maturation of the system can be

characterized by this shape.

Variability among environmental trajectories should be considered when evaluating
system responses to restoration. The different development rates among CRAM attributes reflect
the fact that ecological components advance along distinct pathways. We found in restored

streams that biological attributes developed more quickly than physical. Morgan & Short (2002)
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also developed chronosequence curves to track the increase in constructed salt marsh function
over time by measuring primary production, plant diversity, soil organic matter accumulation,
and sediment filtration and trapping. Their curves indicated that aboveground biomass and plant
species richness reached reference standards before 10 years, sediment deposition at 10 years,
and soil organic matter at 15 years. Their curves also varied in shape and direction because they
illustrated trajectories of biological and physical ecological components with different
developmental patterns. Craft et al. (2003) evaluated biological, soil, and microbial metrics along
a chronosequence of constructed salt marsh development. Based on their observations, they
proposed that upon construction processes related to hydrology (e.g., sedimentation, soil C and
N) are the first to achieve or exceed reference equivalence, followed by biological processes,

then soil development after a much longer time.

In contrast to our Hydrology and Biotic Structure curves, Physical Structure did not meet
the reference envelope. This could be due to the relationship between riparian vegetation and
physical habitat structure development in streams. Riparian vegetation may interact with stream
flow to affect fluvial geomorphic processes (Corenblit et al. 2007) such as channel widening
(McBride, Hession & Rizzo 2010), in-stream habitat formation (Lennox et al. 2011), and the
rates of erosion and deposition (Hupp & Osterkamp 1996). Therefore, we might expect physical
structure metrics to mature after riparian vegetation is well-established to facilitate in-stream

physical complexity.

The delayed Physical Structure curve could also be due to project-specific restoration
design. Stream channels at several projects we visited were engineered for stability with willow

or straw wattles, and geotechnical fabric, preventing the undercut bank physical patch type. We
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had little evidence that physical habitat features were included in project design. Several physical
structure CRAM metrics need time to develop. For example, standing snags contribute to
Physical Structure scores, but time is needed for trees to grow and die to create this feature. If we
included older projects in curve development, then the Physical Structure curve might approach
the reference envelope because those projects have more time for physical features to develop

naturally.

Distinct from physical habitat’s slow development, vegetation growth rates and active
planting to support rapid establishment of native riparian species boosted the Biotic Structure
scores and curve. Because plants can establish and grow quickly, floral indicators of functional
replacement in restored or created wetlands are able to match reference conditions in under five

years after project installation (Craft et al. 1999, 2003; Gutrich et al. 2009).

Flow patterns also influence ecological condition in restoration projects. Hill & Platts
(1998) observed substantial development of riparian vegetation and in-channel habitat features
within the first five years of stream restoration in a passively restored project with sufficient
water flowing in an appropriate regime. In contrast, Physical and Biotic Structure development
may be stunted without flow. Low scores we observed in projects with ephemeral flow were a

function of low performance, particularly of those two attributes.

Application of curves for stream restoration management

Results of our analysis suggest that many sites will not reach functional maturity until at
least 7-10 years post restoration (or longer in some cases). Extending the required monitoring
period would improve the ability to directly evaluate restoration success. This conclusion is also
supported by other studies, such as Osland et al. (2012), who observed various soil properties in
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created mangrove wetlands reaching equivalency between 18-28 years. Similarly, Craft et al.
(2003) observed soil C and N levels at constructed marshes to be lower than those found in
corresponding natural marshes after 28 years. However, longer monitoring periods may involve
more resources than are feasible for either project proponents or regulatory agencies. If longer
monitoring is not feasible, performance curves provide a valuable tool to help achieve long term
ecological success. Curves can be used to establish performance targets and restoration goals,
and to predict whether a project is on track and likely to reach ecological targets in the future. If

project sites miss the correct trajectory, additional remedial measures can be implemented.

Although the curves were based on southern California projects, our results indicate that
they will have broader applicability. CRAM was designed to be consistent across regions in the
state (Sutula et al. 2006) and therefore the developmental patterns for the same wetland type and
function should be similar among different regions (Kentula et al. 1992). Preliminary evaluation
of central California projects using these curves supported their applicability in that region, a

conclusion that could be strengthened with additional data.

Now is an appropriate time to develop these ecologically comprehensive performance
curves because regulatory agencies are implementing performance measures for compensatory
mitigation projects that encompass a range of environmental components. The US Army Corps
of Engineers-South Pacific Division (SPD) recently issued performance guidelines that include
ecological function and condition assessment methods including CRAM (US Army Corps of
Engineers 2013). They also provided a new suite of uniform performance standards for

mitigation project managers (US Army Corps of Engineers 2012a). As restoration projects are
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increasingly judged by overall ecological performance, these curves could be powerful tools in

restoration management.

Improve and expand performance curves

We generated performance curves using the available relevant data for southern
California stream restoration projects. As data for additional projects becomes available, future
research can validate the curves produced here with more intensive data and refine them with
longer term data. In addition, curve development could be expanded to include additional
restoration types. While CRAM evaluates overall ecological condition, intensive measurements
of ecological components such as macroinvertebrates, algae, and soil lend different insight into
stream development. Because intensive metrics have varying units of measurement (e.g., Craft et
al. 2002), mature at different rates (e.g., Morgan & Short 2002; Craft et al. 2003), and have not
been integrated into an ecologically comprehensive index in California, metric selection and

interpretation of results should be conducted thoughtfully.

Including longer term data from projects 10-30 years old would provide several benefits.
First, it may establish that physical structure reaches reference standards within 30 years, versus
the ten year period used for our curves. Second, data from older projects may change some of the
polynomial-shaped metric curves to be power-shaped, reflecting long-term stability rather than
deteriorating conditions. Finally, older project data could anchor the right ends of curves that
rose above reference ranges or off the range of CRAM to level more reflective of a quasi-stable

mature wetland condition.

As this study demonstrated the development and application of curves based on the
concepts of Kentula et al. (1992), an appropriate next step would be to expand the application
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range of this tool to a larger suite of restoration approaches and wetland types. Projects with
complex time-zero conditions and those with passive vegetation restoration are candidate
categories for curve development. CRAM modules exist for other wetlands in addition to
riverine: estuarine (tidal marsh), bar built estuarine, individual vernal pool, vernal pool systems,
depressional (pond), and slope wetlands, so similar performance curves could be developed for

those wetland types.
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Tables

Table 3.1. Sources used to locate stream restoration projects for curve development.

Restoration Project Sources URL
CalFish Projects www.calfish.org
California Coastal Conservancy scc.ca.gov

California Department of Fish and Game Cal Fed Ecosystem Restoration Program
California State Parks Project Inventory

California Wildlife Conservation Board

EcoAtlas (formerly the California Wetland Tracker)

National Oceanic and Atmospheric Administration Restoration Atlas

Natural Resource Project Inventory

Southern California Wetland Recovery Project

US Army Corps of Engineers Los Angeles District, Regulatory Division

www.dfg.ca.gov
www.parks.ca.gov
Www.wch.ca.gov
www.ecoatlas.org
restoration.atlas.noaa.gov
www.ice.ucdavis.edu
scwrp.org
www.spl.usace.army.mil
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Table 3.2. CRAM attributes, metrics, and sub-metrics. Numbers in parenthesis indicate the range
of scores available for each data type (California Wetlands Monitoring Workgroup 2013).

Attribute Metric Submetric
Stream Corridor Continuity
(3-12)
Buffer and Landscape Percent of AA with Buffer
Context (25-100) (3-12)
Buffer (6-24) Average Buffer Width (3-12)

Buffer Condition (3-12)

Water Source (3-12)

Hydrology (25-100) Channel Stability (3-12)

Hydrologic Connectivity (3-12)

Physical Structure Structural Patch Richness (3-12)
(25-100) Topographic Complexity (3-12)

Number of Plant Layers (3-12)
Number of Co-dominant
Species (3-12)

Percent Invasion (3-12)

Plant Community Composition
(3-12)

Biotic Structure
(25-100)

Horizontal Interspersion (3-12)
Vertical Biotic Structure (3-12)
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Table 3.3. Performance curve summary: mathematical functions of the curves, regression for curves r-squared values, and the years
that curves and upper error band boundaries reached the reference zone if this occurred within 30 years (rounded to the nearest year).
CRAM attributes are underlined. Raw reference data were not available. CRAM parent components are underlined and italicized.

Curve Crosses

Error Envelope

Curve Metric Curve Function R? Reference Mean Crosses Reference
(year) Band (year)
CRAM Index y = 60.613x%-0542 0.848 > 30 27
Hydrology y = 73.18x00523 0.531 14 1
Channel Stability y = 7.3536x5-1163 0.544 >30 1
Hydrologic Connectivity y = 8.5922x014° 0.869 <1 0
Physical Structure y = 41.499x0-0642 0.32 > 30 > 30
Structural Patch Richness y = -0.068x? + 0.711x + 3.2656 0.099 never never
Raw Patch Count y = 3.9973x0-1943 0.71 n/a n/a
Topographic Complexity y =-0.1331x? + 0.9544x + 55039  0.364 never
Biotic Structure y = 59.149x0124 0.934 7
Number of Plant Layers y = 7.1872x5-1189 0.739 >30
Number of Co-dominant Species y =-0.1567x? + 1.4427x + 3.4344  0.384 2 11
Raw Co-dominant Species Count y = 1.1335x0-98° 0.957 n/a n/a
Percent Invasion y =-0.212x% + 2.6412x + 3.6755  0.826 5 10
Raw Invasive Species Percentage y =0.0272x2 - 0.3265x + 1.3878 0.059 n/a n/a
Raw Invasive Species Count y =0.008x? - 0.0923x + 0.3039 0.281 n/a n/a
Plant Community Composition y = 6.8447x0113 0.794 18 0
Horizontal Interspersion y =-0.1884x% + 2.1533x + 2.7442  0.621 never 1
Vertical Biotic Structure y = 7.2688x01246 0.974 4 0
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Figures

Legend
Restored Wetlands
—— Reference Wetland Range
Immature Restored Wetlands
Mature or Stable Restored Wetlands

Measure of Ecological Function

Age of Restoration

Figure 3.1. Hypothetical performance curve (Kentula et al. 1992). The restored wetland
improves until a time point where it reaches a mature or stable condition. The curve is based on
the chronosequence approach, where data from multiple restoration projects of different ages are
used to illustrate the development of a hypothetical project. Data that approximate the range of
natural or near-natural conditions at minimally disturbed reference wetlands are used to
determine whether the curve reaches reference-level performance.
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Figure 3.2. Restoration project sites where CRAM assessments were conducted in 2012-2013 for
performance curve development. All projects were located in coastal-draining watersheds in
southern California. Black lines are watershed boundaries.
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Figure 3.3. The performance curve (center of the error band) illustrating the hypothetical CRAM
achievement of a high-performing restored stream. This performance curve was formed using the
mathematical function best fit to actual CRAM data from projects 2-10 years old and an
estimated data value at time-zero. The reference envelope is composed of the 95% confidence
interval around the mean reference value, which is indicated by the dashed line. The curve error
band is £ the CRAM index error around the curve.
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Figure 3.4. Hypothetical stream restoration performance curves for CRAM (a) index (e), (b)
Hydrology (A), (c) Physical Structure (m), and (d) Biotic Structure (#) attributes. Curves were
developed with CRAM data from best-performing restoration projects. The curve error band
(gray) is £ CRAM error values around the curve. Reference envelopes (green) are composed of
the 95% confidence intervals around mean reference values, indicated by dashed lines.
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Figure 3.5. Performance curves superimposed on CRAM index scores from (a) projects over 10
years old (n = 6), (b) projects from the California central coast (n = 7), (c) ephemerally flowing

projects (n = 7), (d) projects partially graded prior to restoration (n = 20). Only 19 partially

graded site scores are visible because points overlap in year six where two projects scored 70.
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Appendix 3A: Performance Curve Study Site Information

Geographic coordinates of select sites not included due to requests from restoration practitioners or land managers. (*) Due to limited
project information, restoration year was estimated as the Clean Water Act 8§ 404 permit year.

Hydrologic | Restoration AA Entirely | Restoration

Site Latitude Longitude Watershed Regime Category Graded Year

San Antonio San Antonio Compensatory

Creek Site 1 37.77681 -120.49756 | Creek perennial Mitigation yes 2010

San Antonio San Antonio Compensatory

Creek Site 3 34.77991 -120.50688 | Creek perennial Mitigation yes 2010

South Coast

Habitat

Restoration Santa Barbara

(SCHR) 5 Channel intermittent | Fish Passage no 2011
Santa Barbara

SCHR 6 Channel perennial Fish Passage no 2011

Upper Las Positas Santa Barbara City

Creek 34.43325 -119.73519 Channel ephemeral | Improvement | yes 2010
Santa Barbara

Mission Creek SB | 34.43214 -119.72687 Channel intermittent | Fish Passage no 2012
Santa Barbara

SCHR 7 Channel intermittent | Fish Passage no 2012
Santa Barbara

SCHR 3 Channel intermittent | Fish Passage no 2010
Santa Barbara

SCHR 2 Channel intermittent | Fish Passage no 2010

Mesa Creek Santa Barbara City

(Arroyo Burro) 34.40490 -119.73994 Channel perennial Improvement | yes 2006
Santa Barbara

SCHR 1 Channel intermittent | Fish Passage no 2010
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Santa Barbara

SCHR 7 Channel intermittent | Fish Passage no 2010
Mitigation

Pico Creek 34.37824 -118.61166 | Santa Clara River | intermittent | Bank yes 2005
Mitigation

Whitney Canyon | 34.36561 -118.49792 Santa Clara River | intermittent | Bank yes 2010
Mitigation

Elsemere Canyon | 34.36249 -118.50202 Santa Clara River | intermittent | Bank no 2009

Santa Monica

Medea Creek 34.16298 -118.76118 Bay perennial Other yes 1994

Las Virgenes

Creek-Agoura Santa Monica City

Rd/Starbucks 34.14440 -118.70125 Bay perennial Improvement | yes 2007

Dry Canyon Los Angeles

Creek 34.13564 -118.63187 River intermittent | Other yes 2007

Las Virgenes Santa Monica

Creek-Lost Hills | 34.13131 -118.70748 Bay perennial Other yes 1997

Solstice Creek- Santa Monica

AC2to AC3 34.04570 -118.75356 Bay perennial Fish Passage no 2005

Santa Monica City

Las Flores Creek | 34.04145 -118.63759 Bay intermittent | Improvement | yes 2008

Solstice Creek-D1 Santa Monica

to D3 34.03813 -118.75211 Bay perennial Fish Passage no 2005

El Dorado Nature

Center 33.80737 -118.08752 | San Gabriel River | perennial Other yes 2010

Peters Canyon Compensatory

Wash Mitigation* | 33.76469 -117.77029 Newport Bay intermittent | Mitigation yes 1987

Pacific

Commerce /

Mason Regional Compensatory

Park* 33.65627 -117.82522 Newport Bay perennial Mitigation yes 1988
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Serrano Creek 33.64835 -117.69308 Newport Bay perennial Other yes 2002

Bison/Berkeley Compensatory

Mitigation* 33.64140 -117.84937 Newport Bay ephemeral | Mitigation yes 1990

Big Canyon Compensatory

Country Club 33.62918 -117.87398 Newport Bay perennial Mitigation yes 2006

El Toro

Rd/Tentative Compensatory

Tract Mitigation* | 33.59655 -117.74805 | Aliso Creek perennial Mitigation no 1987

Compensatory

Dairy Fork 33.59415 -117.71555 | Aliso Creek perennial Mitigation yes 1987
Santa Margarita Compensatory

Murrieta 2 River ephemeral | Mitigation yes 2008

St. Martha's Santa Margarita Compensatory

Mitigation 33.58006 -117.17602 River perennial Mitigation yes 2004
Santa Margarita Compensatory

Murrieta 1 River perennial Mitigation yes 2006

WetCat

West/Country

Village Compensatory

Mitigation* 33.54399 -117.71582 | Aliso Creek perennial Mitigation yes 1988

Arboretum Santa Margarita Compensatory

Mitigation 33.54247 -117.17068 River intermittent | Mitigation yes 2002

Sulphur Creek-

Crown Royale City

Area 33.53907 -117.69650 | Aliso Creek perennial Improvement | yes 2006

Sulphur Creek- City

ACOE 33.53429 -117.70715 | Aliso Creek perennial Improvement no 2008

Whispering Hills Compensatory

Mitigation 33.49982 -117.62405 | Aliso Creek ephemeral | Mitigation yes 2007

Wilmont Compensatory

Mitigation 33.27811 -117.29455 | San Luis Rey intermittent | Mitigation no 2007
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Morro Hills West Compensatory

Parcel 33.26990 -117.29768 | San Luis Rey ephemeral | Mitigation no 2004

Morro Hills East Compensatory

Parcel 33.26732 -117.28859 | San Luis Rey ephemeral | Mitigation no 2004
Compensatory

Rancho del Oro 33.20275 -117.30207 San Luis Rey perennial Mitigation no 2006

Rosemary's Compensatory

Mountain Quarry | 33.15870 -117.26234 San Luis Rey perennial Mitigation no 2009

Future

Elementary Compensatory

School 33.15662 -117.21360 | San Luis Rey intermittent | Mitigation yes 2007
Compensatory

La Costa 33.11615 -117.25332 San Luis Rey perennial Mitigation yes 2004
Compensatory

Cloverdale Creek | 33.11113 -117.01348 | San Diego River | perennial Mitigation yes 2006

McGonigle Compensatory

Canyon 32.96739 -117.15842 San Diego River | perennial Mitigation no 2003
Compensatory

Los Penasquitos | 32.90956 -117.20982 San Diego River | perennial Mitigation no 2006

Santee Town Compensatory

Center 32.84922 -116.98005 | San Diego River | ephemeral | Mitigation yes 2008

Forester Creek Compensatory

DOT 32.83920 -116.99893 | San Diego River | perennial Mitigation no 2006

Forester Creek City

Improvement 32.83499 -116.99158 | San Diego River | perennial Improvement | yes 2008

Tecolote-Tecolote

Canyon Compensatory

Mitigation 32.77794 -117.18539 | San Diego River | perennial Mitigation no 2008
Compensatory

Bonita Meadows | 32.67273 -116.99900 San Diego River | perennial Mitigation yes 2006
Mitigation

Jamul Creek 32.66835 -116.86584 San Diego River | perennial Bank yes 2002
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Mitigation

Dulzura Creek 32.66273 -116.84097 San Diego River | perennial Bank yes 2002
Bear Creek 34.2692 -117.8913 San Gabriel River Reference na na
San Gabriel

River, West Fork | 34.2406 -117.8831 San Gabriel River Reference na na
SMCO00476 33.9551 -117.9054 San Gabriel River Reference na na
SMC00480 33.9823 -117.8157 San Gabriel River Reference na na
SMC01040 33.8263 -117.7009 Santa Ana River Reference na na
Little Mill Creek | 34.1642 -117.1419 Santa Ana River Reference na na
South Fork Santa

Ana River 34.1328 -116.8429 Santa Ana River Reference na na
Noble Canyon 32.8641 -116.5085 Tijuana River Reference na na
SMCO01161 Santa Margarita

(Sandia Creek) 33.4418 -117.2557 River Reference na na
SMC00827 34.2724 -119.2502 Ventura River Reference na na
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Appendix 3B: California Rapid Assessment Method (CRAM) Attribute, Metric, Sub-
Metric, and Raw Data-based Hypothetical Performance Curves
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CHAPTER FOUR: DEVELOPMENT AND DEMONSTRATION OF AN AERIAL

IMAGERY ASSESSMENT METHOD FOR RESTORED STREAM CONDITION

Abstract

Remote sensing is an excellent resource for assessing the changing condition of streams
and wetlands. Several studies have measured large-scale changes in riparian condition indicators,
but few have remotely applied multi-metric assessments on a finer scale to measure changes,
such as those caused by restoration, in the condition of small riparian areas. We developed an
aerial imagery assessment method (AIAM) that combines landscape, hydrology, and vegetation
observations into one index describing overall ecological condition of non-confined streams.
Verification of AIAM demonstrated that sites in good condition (as assessed on-site by the
California Rapid Assessment Method) received high AIAM scores (AIAM was not verified with
poor condition sites). Spearman rank correlation tests comparing AIAM and the field-based
California Rapid Assessment Method (CRAM) results revealed that some components of the two
methods were highly correlated. The application of AIAM is illustrated with time-series
restoration trajectories of three southern California stream restoration projects aged 15 to 21
years. The trajectories indicate that the projects improved in condition in years following their
restoration, with vegetation showing the most dynamic change over time. AIAM restoration
trajectories also overlapped to different degrees with CRAM chronosequence restoration
performance curves that demonstrate the hypothetical development of high-performing projects.

AIAM has high potential as a remote ecological assessment method and effective tool to

78



determine restoration trajectories. Ultimately, this tool could be used to further improve stream

and wetland restoration management.

Introduction

In light of direct anthropogenic impacts to wetlands, such as land conversion, and
anticipated indirect impacts, such as those due to climate change, there is much attention on their
changing extent and condition (e.g., World Resources Institute 2005; Zedler & Kercher 2005;
Dahl 2011). Remote sensing is a key resource for addressing these concerns, and is particularly
useful when it is not financially or logistically feasible to collect data on the ground. Field data
acquisition may be limited or impossible because areas of interest are extensive, inaccessible
(Haack 1996), or ecologically sensitive (Phinn, Stow & Zedler 1996). Furthermore, collections
of remote sensing data are important information sources for ecological change detection studies
when other forms of historical data are not available. Use of aerial and satellite images is
advantageous for ecological studies due to the relative ease of collection, ease of tailoring to
specific spatial and temporal needs, and long time-series recordings (Morgan, Gergel & Coops
2010). For stream and wetland management and research, remote imagery has several
applications. For example, it has been used to estimate change in riparian forest buffer (Claggett,
Okay & Stehman 2010), wetland extent (Kent & Mast 2005b), coastal wetland restoration
(Shuman & Ambrose 2003), spatial distribution of mangroves (Lee & Yeh 2009), and barrier

island area (Thomas et al. 2011).

Studies have used remote imagery to roughly measure large-scale (e.g., one or more
catchments) changes in ecological indicators such as landscape (Apan, Raine & Paterson 2002;

Goetz et al. 2003), buffers (Goetz 2006), and vegetation (Sever, Leach & Bren 2012). Many of
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these studies involved quantitative analyses of multi-spectral imagery. Few studies have
conducted remote multi-metric assessments through visual observations of aerial images to

capture changes in the overall ecological condition of smaller riparian areas.

Chung (2006) developed the Aerial Photography Based Assessment Methodology
(APBAM), a riparian condition measurement that relied only on aerial imagery, and with it
demonstrated loss and decline of riparian wetlands in two southern California watersheds
attributed to cumulative impacts. APBAM was based on five metrics from assessment
methodology of the Middle River Neck Peninsula Special Area Management Plan of Baltimore
County, Maryland. McMeechan (2009) adapted seven metrics from the California Rapid
Assessment Method (CRAM) v.5.0.2 (Collins et al. 2008) to demonstrate via remote, aerial
image-based assessment that impacts from Clean Water Act 8404 permitted projects reduced the
ecological condition of certain California wetlands, and that the restoration efforts of
compensatory mitigation projects failed to fully replace lost ecological function. CRAM is a
multi-metric field assessment that evaluates the overall ecological condition of a walkable area.
It is a performance measure recommended for compensatory mitigation project assessment by

the US Army Corps of Engineers South Pacific Division (US Army Corps of Engineers 2013).

A remote ecological assessment tool for small projects would be useful in stream and
wetland restoration program evaluation, as monitoring is essential to evaluate restoration
progress and inform project management planning (Kondolf 1995; Palmer et al. 2007), and
managers want to know whether restoration goals are met and projects can be considered
successful. Our objective was to develop a multi-metric assessment based on data from aerial

imagery to assess the change in ecological condition over time of small stream restoration
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projects (< 200 meters long). We targeted a product with higher resolution than what was
previously developed, and that could be conducted quickly and with few resources. To

accomplish this, we addressed two questions:

e What are the best metrics to include in this method?
e Does the new aerial imagery assessment method (AIAM) accurately measure ecological

condition?

To illustrate the use of AIAM, we assessed time-series images of three restoration
projects and produced developmental trajectories showing the ecological change over time of
each project. From the trajectories, we determined when each project reached its present
condition and the pattern of its recovery. We also assessed how the hypothetical chronosequence
CRAM performance curves from the preceding chapter compared to the development of these

real projects.

Methods

AIAM development

We constructed AIAM primarily using metrics found in existing literature and riparian
assessment methods. To identify potential assessment techniques that could be observed or
measured remotely, we surveyed peer-reviewed literature, graduate theses, and ecological
assessments. Through this initial search, we found 44 remotely observed metrics that could be
used to assess riparian condition in seven peer-reviewed studies, two graduate theses, and

CRAM. We compiled the metrics into four categories that reflected general ecological attributes:
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Surrounding Landscape, Hydrologic Structure, Physical Habitat, and Vegetation Structure

(Table 4.1).

For a method that was simple to conduct with limited resources, we further selected
metrics that could be assessed with aerial imagery by someone without imagery analysis training.
This process eliminated metrics such as ‘tree crown size’ and ‘willow canopy width’, which
should be measured by a well-trained assessor, or using additional software such as that for
pixel-based or object-oriented classification. We identified ten metrics that could be easily
observed visually in aerial images, and that measured different features (Table 4.2). These
metrics comprised AIAM. Observation methods for eight of ten total metrics were adopted from
existing assessments (Chung 2006; McMeechan 2009; California Wetlands Monitoring
Workgroup 2013). We developed methods to measure the other two (“Average Riparian Zone

Width” and “Percent Tree and Shrub Cover” metrics; see below).

To score AIAM, metrics are graded A, B, C, or D. The letters are transposed into
numerical values, which are inserted into algorithms to calculate attribute scores (Table 4.3). The
attributes represent overarching ecological components: Landscape Structure, Hydrologic
Structure, and Vegetation Structure. They are averaged to produce an index that ranges from 25
to 100. There is no attribute describing physical habitat because we could not identify relevant

observations that were consistently obtainable via aerial imagery.

We developed and demonstrated AIAM for non-confined streams. We adopted the
guideline for determining stream confinement from CRAM: non-confined streams are in a
location where “the width of the valley across which the system can migrate without

encountering a hillside, terrace, or other feature that is likely to prevent further migration is at
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least twice the average bank full width of the channel” (California Wetlands Monitoring

Workgroup 2013).

The AIAM evaluation area is termed the Riparian Area (RA), and includes the entire
apparent riparian corridor around the channel. The RA hosts vegetation visibly influenced by the
stream channel, and its outer boundaries are drawn where the vegetation community visually
differs from that in the riparian corridor. The RA length is 100 — 200 meters that excludes
hydrologic or geomorphic features that correspond to significant changes in flow or sediment

regime. These features were adopted from CRAM,; see Table 4.4 for examples.

The AIAM Landscape Structure attribute is comprised of the same four metrics as the
CRAM “Buffer and Landscape Context” attribute. “Stream Corridor Continuity, “Percent of
Area with Buffer,” and “Average Buffer Width” are measured around the RA as outlined for
CRAM in its Riverine Field Book v.6.1 (Appendix 4A; www.cramwetlands.org). “Buffer
Condition” is assessed in AIAM similarly to McMeechan (2009), with no reference to native and
non-native vegetation because it is difficult to distinguish between the two in aerial and satellite

images.

The AIAM Hydrologic Structure attribute includes four metrics: “Water Source,”
“Average Riparian Zone Width” (RZ Width), “Lateral Hydrologic Connectivity” (LHC), and
“Evidence of Channel Alteration” (ECA). “Water Source” is measured as in the CRAM v.6.1,
evaluating direct water inputs and diversions within 2 kilometers upstream of a RA that affect its
dry season hydrologic condition. We defined the RZ Width as the width influenced by the

presence of the channel, not including the visible channel width. It is measured:
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) Riparian Area — Channel Area
RZ Width =

Riparian Area Length

The RZ Width scoring scheme is based on width ranges of protective zones around riparian areas
recommended for the restoration of beneficial functions in watersheds with listed anadromous
salmonids in the California Forest Practice Rules 2014. This is a reasonable guide for aerial
assessment riparian width scoring as the range of the fish is extensive in California (California

Department of Forestry and Fire Protection 2014).

LHC is adopted from McMeechan (2009) with no alterations to the method or scoring. It
assesses the presence of features within five meters of the RA boundary that suggest a break in
hydrologic connectivity. Paved roads, paths, trails, and other features associated with levees are
considered connectivity break indicators. The metric is measured as the percent of the RA sides

(parallel to stream flow direction) where unnatural levee indicators are present.

ECA is adapted from Chung (2006), and measures the amount of permanent, human-
induced channel alteration in a riparian area. The metric is assessed by calculating the percent of
RA length that features permanent alteration such as rip-rap, concrete channel lining, and road or
trail crossings. We combined the top two of five original score categories (originally (1) no
channelization is evident and (2) minor alteration present, usually piers of bridges on span
crossings or unpaved trail/road crossings) into one so that ECA could be scored on a four-grade
scale. By describing the connection of water flow to the natural floodplain, and the potential for
it to naturally shape the channel and floodplain, LHC and ECA collectively capture human-

induced impacts affecting flow in and around the RA.
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The AIAM Vegetation Structure Attribute is comprised of two metrics that collectively
describe the height and maturity of the vegetation community: “Vegetation Development”, and
“Percent Tree and Shrub Cover” (Percent TSC). Vegetation Development is adapted from Chung
(2006), and measures the amount of long-lived vegetation in the riparian area. We simplified the
original metric’s four categories, which referenced specific trees and shrubs (e.g., willows,
sycamores, alders, mulefat), to involve only general vegetation types (i.e., trees, shrubs, and
herbs). Percent TSC assesses the amount of non-channel area covered by trees or shrubs. It is

calculated:

Cumulative Area Covered by Trees or Shrubs

P tTSC =
ereen Riparian Area - Visible Channel Area

The Percent TSC scoring system is based on the distribution of AIAM data collected from 30
southern California stream sites with conditions ranging from poor to good. More details about
these sites are below. The lowest (D; 0-59%) scoring range of this metric is the range of
percentages in the lowest quartile of Percent TSC scores. To assign the percentages associated
with A (91-100%), B (76-90%), and C (60-75%), they were separated into ranges that seemed

reasonable based on the greater range of the upper three quartiles.
Imagery source

We used Google Earth™ Pro to obtain images and conduct AIAM. This is an excellent
tool for remote imagery ecological assessment because it is readily available and provides both
recent and historical satellite images free of charge. For an assessment like AIAM, images need
no additional processing, which removes the burden of avoiding common aerial imagery

processing errors (Morgan et al. 2010) from the user. Furthermore, it features functions that
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allow users to draw, measure, and save lines and polygons quickly and easily. AIAM data were

collected using only this program.

Testing AIAM

To test AIAM’s ability to measure ecological condition, we used it to assess 30 southern
California stream sites that ranged from poor to good condition as measured by CRAM (Figure
4.1, Appendix 4B). With the resulting scores, we conducted correlation analyses between AIAM
and CRAM scores from the sites. CRAM was developed with its own set of constraints, so it
does not include all important aspects of ecological condition. However, it has been extensively
validated as a tool for assessing riparian ecosystems (Stein et al. 2009). CRAM data were readily
available and therefore a practical choice to involve in our development and evaluation of
AIAM. CRAM is based on 16 metric and sub-metrics observations that comprise four attributes:
Buffer and Landscape Context, Hydrology, Physical Structure, and Biotic Structure. The overall

CRAM index is the average score for those attributes (Table 4.5).

Sites and CRAM data were obtained from the California Statewide CRAM Database

(www.cramwetlands.orqg). The CRAM data from each site were obtained with CRAM v.6.1. All

sites were located in southern California and featured perennial or intermittent flow. We selected
images and CRAM data from 2013 because imagery available for this year through Google
Earth™ Pro was generally clear. For sites where quality 2013 images were not available, we

used images from the closest year (either before or after) possible.

AIAM and CRAM data were compared using a Spearman’s rank correlation. We focused
the analyses on potential AIAM-CRAM analogues. These analogues measured the same general
ecological components (e.g., vegetation, hydrology); however, some analogues measured

86


http://www.cramwetlands.org/

different specific items within those general themes (e.g., vegetation maturity in AIAM vs.
vertical biotic structure in CRAM). Correlation coefficients and p-values were derived in

SPSS 23.

If AIAM appropriately measures ecological condition, sites in good condition should
receive high scores. To verify AIAM by demonstrating its ability to give high scores to good
sites, we conducted AIAM on images of six California stream and river Reference Condition
Management Program (RCMP) reference sites. These reference sites had relatively un-impacted
surrounding landscapes and displayed high biotic integrity. We determined whether AIAM
produced high scores for the sites, and also related AIAM scores to CRAM scores for the
reference sites. We did not verify that sites in poor condition receive low AIAM scores, as an

appropriate pool of poor condition sites was not readily available.

AlAM-based restoration trajectories

We demonstrated the ability of AIAM to detect stream restoration recovery by using it to
determine time-series stream restoration trajectories of three projects. The restoration projects are
over ten years old and geographically dispersed throughout southern California. Medea Creek
was restored in 1994 and is in Los Angeles County; Serrano Creek was restored in 2002 and is in
Orange County; and Dulzura Creek was restored in 2002 and is in San Diego County
(Figure 4.1). Each project was entirely graded at restoration time-zero and featured perennial
flow. To determine the trajectories, we collected AIAM data from 9 to 11 time-series images of
each project site. Imagery dates ranged from 1989 to 2015, and one image per project showed
site conditions either five or eight years before restoration. We graphed the index and attribute

data against project age.
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We compared the real AIAM restoration trajectories to hypothetical CRAM performance
curves. The AIAM index, Hydrologic Structure, and VVegetation Structure scores were overlaid
on corresponding CRAM performance curves and reference envelopes from the preceding
chapter. Landscape Structure trajectories were not compared to a performance curve because a
curve was not developed for its analogue, CRAM Buffer and Landscape Context. The CRAM
curves illustrate the hypothetical achievement of high-performing restoration projects. They were
developed by fitting mathematical curves to CRAM data from high-scoring restoration projects
aged two to ten years (see preceding chapter). The curves were complemented by performance
curve error bands that were + the CRAM index or attribute errors around the curve, and
reference envelopes that were composed of 95% confidence interval values around mean
reference values of each score type. Reference envelopes were based on CRAM data from ten
RCMP reference sites. A few real CRAM data points collected for the projects in 2012 were also
included in the graphic to see whether AIAM and real CRAM scores for the projects were within

the same range.

Results

Testing AIAM

Comparisons between AIAM and CRAM data produced a range of relatively strong
(e.g., AIAM vs. CRAM Buffer Width rs = 0.796, p = 0.000) to very weak (e.g., AIAM
Vegetation Development vs. CRAM Biotic Structure rs = -0.007, p = 0.972) correlation
relationships (Table 4.6; Appendix 4C). The AIAM index data were more highly correlated to
the average scores of the three CRAM attributes with measurements most similar to the AIAM

attributes (Buffer and Landscape Context, Hydrology, and Biotic Structure; rs = 0.437,
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p = 0.016) than with the CRAM index (rs = = 0.367, p = 0.046), which is the average of four
attributes (those three plus Physical Structure). Among the attributes, AIAM Landscape
Structure and CRAM Buffer and Landscape Context (rs = 0.659, p = 0.000) were the most highly
correlated, followed by AIAM Hydrologic Structure and CRAM Hydrology (rs = 0.543,

p = 0.002). AIAM Vegetation and CRAM Biotic Structure correlation results suggested no

relationship between the two (rs = -0.024, p = 0.901).

As anticipated, AIAM produced high scores for RCMP reference sites and was thus
verified. The score distribution ranged from 71 to 92, with an 82 mean value. Also, the AIAM
and CRAM index scores of the RCMP reference areas were very similar, with overlapping

distributions. The CRAM distribution ranged from 72 to 94 with an 85 mean.

AlAM-based restoration trajectories

The AIAM trajectories varied between data types (i.e., index, attribute), and also between
restoration projects (Figure 4.2; Appendix 4D). Vegetation Structure changed the most, with net
improvement at all projects from time-zero to 2015 (Figure 4.2d). Vegetation Structure displayed
plateaus with different scores and at different times at Medea and Serrano Creeks. At Medea
Creek, the attribute reached 100 in year 17 and did not regress in following years. At Serrano
Creek, it initially plateaued at 88 in year five, then rose to 100 in year 13. There, the Vegetation
Structure score was also 100 eight years before restoration, though it did not return to 100 until
13 years post-restoration.

The index trajectories were similar to the VVegetation Structure trajectories, but with less
dramatic changes because they were subdued by their more static Landscape and Hydrologic

Structure components (Figure 4.2a). Neither Landscape nor Hydrologic Structure changed
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substantially over time at Serrano and Dulzura Creeks (Figure 4.2b, c). These attributes were
more dynamic at Medea Creek, where Landscape Structure fluctuated and Hydrologic Structure
improved from time-zero to 2015. Among the three sites, the attributes’ trajectories were similar
between Serrano and Dulzura Creeks, where Landscape and Hydrologic Structure showed little
to no change, Vegetation Structure changed substantially, and the index changed to a lesser

extent in the post-restoration period.

The AIAM index trajectory of every project was within or above the CRAM performance
curve envelope through the entire period from time-zero and 2015. Medea Creek’s AIAM
Hydrologic Structure trajectory closely followed the shape of the CRAM Hydrology
performance curve, but Serrano and Dulzura Creeks’ Hydrologic Structure trajectories did not.
Six Dulzura Creek AIAM index scores exceeded the upper performance curve error boundaries;

two of those scores were within the CRAM reference envelope.

None of the Vegetation Structure time-series trajectories displayed the rapid and early
increase exhibited by the corresponding CRAM Biotic Structure performance curve. The
Vegetation Structure trajectories for Medea and Serrano Creeks rose quickly during years 10-15
and 3-5, respectively, to eventually exceed the corresponding CRAM reference envelope.
Dulzura Creek’s Vegetation Structure trajectory neither met the CRAM performance curve, nor

displayed a similar shape.

There were varied levels of correspondence between the CRAM 2012 data points and
AIlAM scores at similar project ages (Figure 4.2). CRAM index scores were within (at Serrano
Creek) or slightly below (at Medea and Dulzura Creeks) the ranges of AIAM index scores.

CRAM Buffer and Landscape Context scores were in close proximity to AIAM Landscape
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Structure scores at all three projects. CRAM Hydrology and Biotic Structure scores did not

correspond closely to AIAM Hydrologic and Vegetation Structure of the same project ages.

Discussion

AIAM is a valid method for assessing ecological condition that potentially has higher
resolution than previously developed remote multi-metric assessments. However, the breadth of
ecological components it measures is still limited. This is because it is designed to use only two-
dimensional aerial or satellite images for data collection. Despite these limitations, we
successfully applied AIAM to demonstrate riparian development patterns of restoration projects
over periods longer than a decade. Because the information for conducting an AIAM analysis is
readily available and free, AIAM holds high potential as a tool that informs riparian restoration

management.
AIAM

AIAM potentially has a higher resolution than either APBAM developed by Chung
(2006), or the remote CRAM adapted by McMeechan (2009). More non-overlapping metrics are
involved in AIAM than in the two previously developed methods. For example, remote CRAM
features only one vegetation metric that is based on the percent coverage of expected vegetation
in the assessment area. In contrast, AIAM includes two vegetation metrics that observe percent
cover and vegetation development (maturity). This difference of AIAM can be attributed to our
approach of involving remote sensing metrics from several sources, rather than adapting methods
from one field-based method for remote application. Whether the additional metrics included in

AIAM add value by making the method more sensitive or comprehensive than APBAM or
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remote CRAM has yet to be seen. This could be explored in the future by comparing AIAM,

APBAM, and remote CRAM results to each other, and to other ecological indicators.

AlAM is an effective tool for determining restoration trajectories. The AIAM trajectories
share similarities in shape and timing with other wetland restoration performance curves that
were based on both single-site, time-series (Craft et al. 2002) and multi-site, chronosequence
(Morgan & Short 2002; Craft et al. 2003; Matthews et al. 2009) field data. AIAM Vegetation
Structure trajectories demonstrate the strongest examples of these similarities: the rise and
stabilization of vegetation condition at our restoration projects resembled the post-creation
development curves of aboveground biomass in eastern U.S. saltmarshes (Morgan & Short 2002;
Craft et al. 2003) and Floristic Quality Index (FQI) data from Illinois wetlands (Matthews et al.
2009). Aboveground biomass and FQI assess vegetation development, so the agreement of
curves also supports AIAM’s ability to accurately capture vegetation condition. Stream
restoration activities affect the Vegetation Structure attribute more than the others (Table 4.7).
Restoration is typically implemented in and around the channel, so restoration mostly occurs in
the riparian zone, where the AIAM vegetation metrics are observed. Among AIAM hydrologic
metrics, RZ Width might increase if there is channel or floodplain development, and ECA
conditions might improve if channel alteration structure removal occurs. However, Water Source
and LHC would not be influenced by stream restoration. Those metrics are measured outside of

the riparian zone, so their improvement through stream restoration projects is not expected.

AIAM is an alternative, but not an equivalent substitute, for field-based monitoring
methods. Significant benefits of AIAM are the low-cost and rapidity with which it is conducted.

Even rapid assessment methods, which were developed to assess ecological condition and
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function in the field quickly in lieu of intensive data collection, require more time and resources
to conduct than AIAM. For example, CRAM recommends at least two practitioners complete the
assessment in two to three hours on-site (plus travel time to and from the site). The
Hydrogeomorphic (HGM) classification assessment method (Brinson 1993; Smith et al. 1995),
which was developed for the US Army Corps of Engineers Section 404 Regulatory Program to
assess wetland functions, requires a half-day in the field per site. In contrast, AIAM can be
conducted in the office by one person in as few as ten minutes per site or time period. AIAM also
offers the distinct advantage of assessing prior condition of a site, which of course cannot be
accomplished with a field-based assessment method. This allows pre-impact and pre-restoration

assessments as well as the developmental trajectories illustrated here.

AIAM’s primary disadvantage is its limited ecological scope. For example, it does not
measure any physical features (e.qg., riffles, pools, undercut banks) that indicate habitat sources.
Neither does it capture certain aspects of vegetation community, such as plant species diversity,
which indicate community robustness and resilience, or prevalence of non-native species.
Inclusion of metrics such as these in multi-metric assessment methods make them more
comprehensive tools for evaluating stream and wetland condition. Field-based assessments such
as HGM and CRAM observed these types of data. AIAM’s limitations are due to its basis in the
use of easily obtainable aerial or satellite images that only provide a two-dimensional, nadir
perspective. More involved remote sensing methods can be used to collect data beyond what
AIlAM is currently designed to observe. For example, Gillan et al. (2014) demonstrated
capabilities of measuring rangeland shrub heights using digital stereo aerial photographs.
Johansen et al. (2010) verified that object-based image analysis of airborne Light Detection and

Ranging (LIiDAR) data could to be used to remotely measure streambed width, riparian zone
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width, plant projective cover (PPC), longitudinal continuity, coverage of large trees, vegetation
overhang, and stream bank stability in an Australian sub-tropical savannah stream. Both of the
approaches of Gillan et al. (2014) and Johansen et al. (2010) involved remote data collection via
aircraft flyover and additional data processing measures. Remote methods like these are more
costly and time-intensive than this initial version of AIAM, but can provide valuable information
without necessitating field visits. One or more of these could be applied to a later version of

AIAM in the future, should there be a desire to increase its resolution.

Next steps in the development of AIAM would be to validate and calibrate the method.
Both validation and calibration have been applied to field-based rapid assessment methods (e.g.,
CRAM, HGM, Ohio Rapid Assessment Method) to determine whether metrics, attributes, and
overall index scores are good predictors of wetland condition as measured against more intensive
indicators of ecological condition such as birds, benthic macroinvertebrates, plants, soil, and
human alteration (Hruby 2001; Stapanian et al. 2004; Sutula et al. 2006; Stander & Ehrenfeld
2009; Stein et al. 2009). Calibration is intended to optimize the correlations between the
assessment method data and quantitative data representing a gradient of wetland condition.
Validation is used to assure that the calibration applies broadly to many wetlands, and is a long-
term, ongoing process that makes an assessment method more robust (Sutula et al. 2006). We
could use our results from the AIAM to CRAM correlations to inform calibration of AIAM
scores. We noted that some of the metrics we labeled as conceptual analogues correlated poorly
because they actually measured very different aspects of the ecological components to which
they were both connected. If we used CRAM data to calibrate AIAM, we would need to be
discerning about which CRAM metrics are involved. Ideally other intensive data would also be

involved in these steps.
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Management implications

AIAM can be applied in at least two ways to help address monitoring challenges. First,
AIAM can be employed to supplement existing monitoring efforts and support extended
monitoring periods. AIAM might be used to measure natural variability to inform expectations
for restored systems. For example, it could be applied to time-series of natural reference sites to
capture the natural ecological fluctuations. AIAM could also be applied to capture responses to
adaptive management, quickly indicating whether changes in project management have resulted
in improved condition. Additionally, AIAM could be used to acquire a continuous thread of
project condition information throughout monitoring periods if they become longer than the
current norm. Five years is the minimum monitoring period currently recommended for
compensatory mitigation projects in the United States (US Army Corps of Engineers & US
Environmental Protection Agency 2008). Gonzélez et al. (2015) found in a review of
international stream restoration literature spanning 1990 to 2015 that monitoring beyond six
years is rare. Studies have demonstrated that wetland restoration projects do not reach functional
equivalency within five or six years. Vegetation conditions at the southern California stream
restoration projects in this study did not stabilize until year five or later. Craft et al. (2003) and
Osland et al. (2012) observed that the recovery period of wetland vegetation was shorter than
that of hydric soils in constructed wetlands in North Carolina and Louisiana. Furthermore,
Osland et al. (2012) observed that both vegetation and hydric soils in created wetlands required
over ten years to reach functional equivalence with natural reference wetlands. Longer
monitoring periods for wetland restoration have been considered appropriate from a scientific
perspective (Mitsch & Wilson 1996). Kondolf (1995) thought at least a decade would be an

appropriate length of time to evaluate stream restoration project success and suggested, as an
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alternative to typical annual stream restoration monitoring, that data be collected at five time
points over a ten-year monitoring period. AIAM could easily be conducted annually, and at low

cost, if field monitoring events were temporally spread out.

Second, AIAM is a tool that can fill restoration project monitoring gaps and overcome
barriers to monitoring. A large proportion of restoration projects do not collect baseline or
monitoring data, preventing the determination of project success from being quantitatively
confirmed. In a survey of 94 stream restoration project managers in Washington State, Bash &
Ryan (2002) observed that only about half of their projects involved collection of baseline data
and one or more ecological measure for monitoring. The managers listed lack of funding, time,
and personnel as barriers to restoration monitoring. Bernhardt et al. (2007) found through a
survey of 317 restoration project managers across the United States that 83% collected project
monitoring data, and 59% used quantitative data to evaluate project success. Bernhardt et al.
(2007) estimated that the national monitoring rates are lower than their observations because
their sample pool was skewed by a high representation of expensive and large restoration efforts
performed by long-term restoration practitioners. AIAM can be applied to historical imagery to
assess ecological condition prior to restoration in the absence of baseline data collection, and to
collect quantitative restoration project recovery data where monitoring has been completely
absent. With the availability of free imagery through sources such as Google Earth™, AIAM

requires no additional material cost beyond a computer and internet connection.
Final thoughts

In recent decades, many approaches to field-based ecological assessment have been

developed and strengthened. This has been driven by intent to assess the function and condition
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of ecological resources, including streams and wetlands, for management purposes. On a parallel
timeline, remotely sensed data have improved in quality and become easier to obtain. The
development of AIAM is an effort to apply remote sensing resources to the concept of a multi-
metric ecological assessment method for streams. Remote sensing capabilities will continue to
improve and expand in the future. Exploring ways to integrate remote sensing into stream and
wetland assessment is an investment of effort that will benefit the field of ecological restoration
management both now and in the long term. AIAM is not intended to replace field-based
monitoring, but to supplement existing monitoring efforts for stronger stream and wetland

restoration management programs.
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Tables

Table 4.1. Aerial imagery-based riparian metrics proposed by past studies to assess ecological condition.

Ecological Attribute

Congalton et al. 2002

Chung 2006

Goetz 2006

Surrounding Landscape

Hydrologic Structure

Physical Habitat

Vegetation Structure

* Riparian structure
classification (hardwood,
brush and recent clear-cut,
large conifers, closed canopy
conifer, sparse conifer/seed-
sap-pole, persistent brush,
grass/pasture/open or
agricultural)

* Aerial Photography Based
Assessment Methodology
connectivity (dams, roads, trails,
dirt roads, maintenance roads,
span crossings, drop structures,
impoundments, fill);

* Vegetation buffer

» Watershed land cover (adapted
from Brown and Vivas 2000);
* Channel alteration

* Sinuousity (from Middle Neck
River Peninsula Special Area
Management Plan)

* Vegetation development;

» Abundance of very mature trees;
+ Contiguous vegetation cover
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* Buffer assessment

* Vegetation mapping via high
spatial-resolution imagery



Table 1 continued

Ecological Attribute

Johansen and Phinn 2006

Booth et al. 2007

Johansen et al. 2008

Surrounding Landscape

Hydrologic Structure

Physical Habitat

Vegetation Structure

» Leaf area index

* Tree crown size;
* Vegetation species
composition

* Riparian width

» Willow canopy widths;
» Willows present;
* Riparian vegetation patch widths
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* Exposed stream banks;
* Bank stability and flood damage;
* Riparian zone width

» Water bodies;
* Exposed stream banks

* Percent canopy cover;

 Map riparian vegetation, water,
transition zone, cleared areas,
exposed stream banks



Table 1 continued

Ecological Attribute McMeechan 2009

Stromsoe and Callow 2011

Goforth and Bain 2012

Surrounding Landscape ¢ Development or human
visitation in immediate
drainage basin;
Landscape continuity

Hydrologic Structure * Lateral hydrologic
connectivity

Physical Habitat

Vegetation Structure * Vegetation presence

* Hillslope erosion;

* In-channel and floodplain gross
planform changes;

* Connected sheetwash

* Gullies and minor tributaries;
« Hillslope, floodplain, and bare
channel mapping
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* Dominant, sub-basin, and riparian
riparian land cover;

* Presence of roads;

* Estimated percent land cover
beyond riparian zone as cropland,
pasture/forest or brush;

* Existence of conservation activity

* Point source pollution;

* Presence of roads;

* Upstream subbasin and riparian
land cover;

* Width of riparian area

* Presence of wetlands

* Dominant riparian land cover
* Riparian canopy continuity



Table 4.2. Metric scoring guidelines for AIAM. The letters are transposed into numerical values (A =12,B=9, C =6, and D = 3),
which are inserted into algorithms to calculate attribute and index scores. Observation methods for eight metrics were adopted from
existing assessments; (*) denotes methods were adopted from CRAM with little or no alteration.

Aerial Image
Assessment Method
Metric

A

C

Stream Corridor
Continuity *

The combined total
length of all nonbuffer
segments is less than 100
m for a distance of 500
m both upstream
AND
downstream of RA

The combined total
length of all nonbuffer
segments is less than 100
m for a distance of 500
m upstream of RA AND
the combined total length
of all non-buffer
segments is between 100
m and 200 m for a
distance of 500 m
downstream of RA
OR
vice versa

The combined total
length of all nonbuffer
segments is between 100
m and 200 m for a
distance of 500 m
upstream
AND
downstream of RA

The combined total
length of non-buffer
segments is greater than
200 m for a distance of
500 m upstream
AND/OR
downstream of RA

Percent AA with
buffer *

Buffer is 75 - 100%
of RA perimeter

Buffer is 50 — 74%
of RA perimeter

Buffer is 25 — 49%
of RA perimeter

Buffer is 0 — 24%
of RA perimeter
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Table 2 continued

Aerial Image
Assessment Method A B C D
Metric
Average Buffer Average buffer width is | Average buffer width is Average buffer width Average buffer width
Width * 190 - 250 m 130-189m is 65 —129 m iS0O—64m

Buffer Condition *

Buffer for RA has
undisturbed soils, and is
apparently subject to
little or no human
visitation.

Buffer for RA is
characterized by mostly
undisturbed soils and is

apparently subject to
little or low impact
human visitation OR
Buffer for AA shows
some soil disturbance
and is apparently subject
to little or low impact
human visitation.

Buffer for RA is
characterized by a
moderate degree of soil
disturbance/compaction,
and/or there is evidence
of at least moderate
intensity of human
visitation.

Buffer for RA is
characterized by barren
ground and/or highly
compacted or otherwise
disturbed soils, and/or
there is evidence of very
intense human visitation,
or there is no buffer
present.
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Table 2 continued

Aerial Image
Assessment Method
Metric

C

Water source *

Freshwater sources that
affect the dry season
condition of the RA, e.g.,
flow characteristics,
hydroperiod, or salinity
regime, are precipitation,
snow melt, groundwater,
and/or natural runoff, or
natural flow from an
adjacent freshwater
body, or the AA
naturally lacks water in
the dry season. There is
no indication that dry
season conditions are
substantially controlled
by artificial water
sources.

Freshwater sources that
affect the dry season
condition of the RA are
mostly natural, but also
obviously include
occasional or small
effects of modified
hydrology. Indications of
such anthropogenic
inputs comprise less than
20% of the immediate
drainage basin within
about 2 km upstream of
the AA. No large point
sources or dams control
the overall hydrology of
the RA.

Freshwater sources
affecting the dry season
conditions of the RA are

primarily artificial

hydrology or
substantially controlled
by diversions of water or
other withdrawals
directly from the RA, its
encompassing wetland,
or from its drainage
basin. Indications of
artificial hydrology (e.qg.,
urban runoff, directed
irrigation) comprise
more than 20% of the
immediate drainage
basin within 2 km
upstream of the RA, or
major point source
discharges exist.

Natural, freshwater
sources that affect the
dry season conditions of
the AA have been
eliminated based on the
following indicators:
impoundment of all
possible wet season
inflows, diversion of all
dryseason inflow,
predominance of xeric
vegetation, etc.

Average Riparian
Zone Width

Average riparian zone
width is greater than 80
m

Average riparian zone
width is 20 - 80 m

Average riparian zone
width is 10 - 20 m

Average riparian zone
width is less than 10 m
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Table 2 continued

Aerial Image
Assessment Method
Metric

A

C

Channelization is

Extensive channelization

Evidence of
Channel Alteration

No channelization is
evident OR minor
alteration present,

usually piers of bridges
on span crossings or
unpaved trail/road
crossings

Some channelization
present, usually in areas
of bridge abutments and
riprap placement of road
crossings. About 1 - 40%
channelized or altered.

moderately extensive.
About 40 - 80% of the
riparian reach is
channelized or altered.
Some instream habitat
still present.

is present; over 80% of
the riparian reach is
channelized or altered.
No instream habitat is
present.

Over 90% of RA

Lateral Hydrologic

No unnatural levee

Less than 50% of RA
boundary comprised of
unnatural levee

50 - 90% of RA
boundary comprised of
unnatural levee

boundary comprised of
unnatural levee
indicators

Connectivity indicators
indicators indicators
Vegetation RA dominated by trees RA dominated by trees | RA dominated by shrubs No vegetation
Development and shrubs and herbs
60 - 75 % of non-channel | 0 - 59 % of non-channel

Percent Tree and
Shrub Cover

91 - 100% of non-
channel riparian area
covered by trees and

shrubs

riparian area covered by
trees and shrubs

76 - 90 % of non-channel

riparian area covered by
trees and shrubs

riparian area covered by
trees and shrubs
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Table 4.3. Methods for calculating AIAM scores. Letters in parentheses after Landscape Structure metrics indicate variables in

algorithm for calculating corresponding raw score.

Attribute: Landscape Structure Hydrologic Structure Vegetation Structure

Metrics: Stream Corridor Continuity (D) Water source Vegetation Development
Percent AA with buffer (A) Average Riparian Zone Width Percent Tree and Shrub Cover
CRAM Average Buffer Width (B) Evidence of Channel Alteration
Buffer Condition (C) Lateral Hydrologic Connectivity

Raw Score: =D +[Cx (AxB)"*)"(%2) = sum of numeric scores = sum of numeric scores

Attribute Score: = (Raw Score/24) x 100 = (Raw Score/48) x 100 = (Raw Score/24) x 100

Overall AIAM Index Score = Average of Three Attribute Scores
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Table 4.4. Examples of features that should and should not be used to establish RA boundaries for Riverine wetlands. Content is from
CRAM Riverine Field Book v. 6.1 (California Wetlands Monitoring Workgroup 2013).

Features that should be used to establish RA boundaries

Features that should not be used to establish RA boundaries

» major changes in riverine entrenchment, confinement,
degradation, aggradation, slope, or bed form

* major channel confluences

« diversion ditches

« end-of-pipe large discharges

* water falls

* open water areas more than 30 m wide on average or broader
than the wetland

* transitions between wetland types

* weirs, culverts, dams, drop- structures, levees, and other flow
control, grade control, or water height control structures

« at-grade, unpaved, single-lane, infrequently used roadways or
crossings

* bike paths and jogging trails at grade

* bare ground within what would otherwise be the AA boundary
* equestrian trails

« fences (unless designed to obstruct the movement of wildlife)
* property boundaries, unless access is not allowed

« riffle (or rapid) — glide — pool transitions in a riverine wetland
» spatial changes in land cover or land use along the wetland
border

» state and federal jurisdictional boundaries
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Table 4.5. CRAM attributes, metrics, and sub-metrics. Numbers in parenthesis indicate the range
of scores available for each data type (California Wetlands Monitoring Workgroup 2013). The
CRAM Assessment Area (AA) is 100-200 meters long and includes the channel and adjacent
riparian area that accounts for allochthonous input to the channel and its immediate floodplain.

Attribute Metric Submetric
Stream Corridor Continuity
(3-12)

Buffer and Landscape

Percent of AA with Buffer
Context (25-100)

(3-12)
Buffer (6-24) Average Buffer Width (3-12)
Buffer Condition (3-12)

Water Source (3-12)
Hydrology (25-100) Channel Stability (3-12)
Hydrologic Connectivity (3-12)
Physical Structure Structural Patch Richness (3-12)

(25-100) Topographic Complexity (3-12)
Number of Plant Layers (3-12)
Plant Community Composition Number of Co-dominant
Biotic Structure (3-12) Species (3-12)
(25-100)

Percent Invasion (3-12)

Horizontal Interspersion (3-12)
Vertical Biotic Structure (3-12)
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Table 4.6. Spearman’s Rank correlation coefficients indicating the correlation of AIAM to
CRAM data. Analyses are based on stream reaches in southern California (n = 30). AIAM

attributes are bold. Asterisks (*) denote that items being compared are measured the same way in

both methods.

AIAM Component CRAM Component I's p
AIAM Index CRAM Index 0.367 0.046
Average of Buffer and Landscape 0.437 0.016
Context, Hydrology, and Biotic
Structure Scores
Landscape Structure Buffer and Landscape Context* 0.659 0.000
Stream Corridor Continuity Stream Corridor Continuity* 0.452 0.012
Percent AA with Buffer Percent AA with Buffer* 0.378 0.039
Buffer Width Buffer Width* 0.796 0.000
Buffer Condition Buffer Condition* 0.420 0.021
Hydrologic Structure Hydrology 0.543 0.002
Water Source Water Source* 0.775 0.000
Average Riparian Zone Width Hydrology 0.334 0.071
Hydrologic Connectivity 0.585 0.001
Evidence of Channel Alteration ~ Hydrology 0.487 0.006
Hydrologic Connectivity 0.291 0.119
Lateral Hydrologic Connectivity Hydrology 0.420 0.021
Hydrologic Connectivity 0.213 0.259
Vegetation Structure Biotic Structure 0.185 0.901
Vegetation Development Biotic Structure -0.007 0.972
Vertical Biotic Structure 0.220 0.242
Percent Tree and Shrub Cover Biotic Structure -0.019 0.921
Vertical Biotic Structure 0.117 0.538
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Table 4.7. Anticipated response of AIAM metrics to riparian restoration efforts.

AlAM Attribute

AlAM Metric

Anticipated Restoration Response

Stream Corridor Continuity

none

Hydrologic Structure

Average Riparian Zone Width
Evidence of Channel Alteration

Lateral Hydrologic Connectivity

Percent AA with buffer none
Landscape Structure )
CRAM Average Buffer Width none
Buffer Condition none
Water source none

Increased width
Reduced channel alteration
none

Vegetation Structure

Vegetation Development
Percent Tree and Shrub Cover

Maturation of vegetation over time

Increase in cover area

109




Figures

e

Pacific Ocean \

S AIAM Testing Sites
¥ AIAM Trajectory Restoration Projects A

Figure 4.1. Locations of sites used to test AIAM and determine AIAM-based stream restoration
trajectories. Area watersheds are outlined in gray.
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AlAM and CRAM Index Values
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Figure 4.2. AIAM time-series, single-site performance trajectories and CRAM chronosequence
hypothetical performance curves (solid black line) with CRAM reference envelopes (gray band).
CRAM performance curves include error bands (solid gray line) of = 10 for the index £ 5 for
attributes. The CRAM reference envelopes (gray band) are composed of the 95% confidence
interval around the mean reference value (dashed black), and represent high stream conditions in
southern California. Graphs juxtapose analogous components: a) AIAM and CRAM indices, b)
AIAM Landscape Structure and CRAM Buffer and Landscape Context (no Buffer and
Landscape Context performance curve was developed), c) AIAM Hydrologic Structure and
CRAM Hydrology, and d) AIAM Vegetation Structure and CRAM Biotic Structure. Circles
outlined in black represent CRAM scores measured in 2012. Some points overlap.
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Appendix 4A: Buffer and Landscape Context Assessment Guidelines from CRAM Riverine
Field Book v. 6.1 (pp. 11-19)

Armbute 1: Buffer and Landscape Context

Moetric I Stream Cormmidor Continnity {(aka Aquatic Area Abundance)

Drefinition: The Stream Corrideor Continuity meewte for a riverine Assessment Area is assessed in
termes of its spatal association with other areas of aquate resoarces. Wedands elose o each other
hawe a preater potential to imterzetr ecologieally and bydrologically, and such interactions: ase
penerally bensGeial

For gverine wetlands:, aguatie area abundanes iz azsessed as the sontmicy of the stream cocddor
over 2 distanece of 300 m upstream and 500 m doonstream of the AA While the stream eorndor
upsizeam and downsiream genenlly reflects the overll health of the mrerine syztem, of special
concern foo thiz metrie is the ability of wildlife to enter the stream cocfdor Sroen cuarside of it at
any place within 500 m of the AA and to move easily throwgh adequate cover along the sixearm
cormidor through the AA from upsoeam and downstream. This metrie is assessed as the toal

lenpth of unfarcrable land wiz (defined by the “non-buffer bnd covers™ in Table &) that
j.|:|.1:-:|:|.1.11:l|:': the smream corpdor within 5300 upsiream or dovmstream of the AA “MNon-boffer

land sovers” cecupying lezs than 10 m of stream lempth are disceparded in this metrie.

It should be noted that thiz metoe adopt: the “poo-buffer land cover” types In Table & as
indication: of land nze condidon: that break or dizropt seclogical and bydrological sontmaicy.
This metric explicidy addresses the connestrity :lfl:he A4 with the stream corridor upsoeam
and downpsiream. and the “nop-boffer land covers™ are considered as indicatocs of conditons
that break this |:-:|-.n1:|.|:|.l.1.|.1:_l.' Thiz metoe does sef address the AA buffer condition, which iz
addreszed in the following metric.

SPH_'Lal MMot=s:

Ldrrnme e creom covrider pedth o e same ppotrecw and deowstreom gz it o for se AA, amker s
rwkstonnal chawge o wadtd i okvions for & distawce of ot last 100 m.

*To kr 5 comeerm, 5 “mon-kaffer lomd cover™ szpment must break or sever the comtonuety of the siveom covredor for &
lemph sf 57 Laast 10 mestors om st Fract owe xide of the chonne! wbsiream or dowmsireans from e A4

*Far the puroes &f Mm‘l! Eﬁ'.h‘ﬂ.l'l':' gres shuwdance for rvermme m::lri-c, spew wter £y cowsrdered pare of the
rerezme corvidar. Ther ackwoniedper the rols the streae ; corriders Bave in .|'l'.£|'.!£ fopether Sguatic babinztr and i

provideng haberot for ansdremsns sk and atber paldise

.4 bredgr cormmy the rtream thar i ot least 10 v wide wll typically interrape the siveom cormedor on koth sides
of the rirngew, Shws fhr creremg wesih o conwied fnace, omex for ihe mpkt bawk snd ewe for the leff bawke

tFor sadaabie p.r.l'm: guszsy bodh sxder of the chammel whstream and dewnsirean from ihe AA. For rystems that
commar ke waded, swly sxrecs the nede of the chawnel that bas the A4, wpstream snd dowmsireans from the A4
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Table 4: Steps to assess Stream Corridor Continuity for riverine wetlands.

Extend the average width of the AA 500 m upstream and downstream, regardless
of the land cover types that are encountered (see Figure 4).

Using the site imagery, identify all the places where “non-buffer land covers” (see
Table 6) at least 10 m long (measured paraliel to the stream channel) interrupt the
stream corridor within the average width of your AA on either side of the
channel in the extended AA. Disregard interruptions of the stream corndor that
Step2 | are less than 10 m wide. Do not consider open water as an interruption. It is
possible for a non-buffer segment to cross one or both sides of a two-sided AA
(see Figure 4). If 2 non-buffer segment crosses both sides it must be counted twice
(one time for each side of the stream cormridor). For one-sided overme AAs, assess
only one side of the system.

Estimate the length of each “non-buffer” segment identified in Step 2, and enter
the estimates in the worksheet for this metric.

Step 1

Assessment Area (AA)
[] Extended AA

Figure 4: Diagram of method to assess Stream Cormridor Continuity of fverme wetlands. This example
shows that about 400 m of “nmon-buffer land cover” dismpts the stream corridor within 500 m

dowmstream of the AA. msndnetodnhgepuhngbcthnmpmgaonthemmofthem
in addition to two bridge crossings that disrupt the buffer on both sides of the stream. There iz 2 10 m
non-buffer segment in the stream corndor upstream of the AA due to a brdge crossing (10 m for each
side of the stream, adding up to a 20 m break total). The upstream segment of the stream has an mtact

Worksheet for Stream Corridor Continuity Metric for Riverine Wetlands

Lengths of Non-buffer Segments For Lengths of Non-buffer Segments For
Distance of 500 m Upstream of AA Distance of 500 m Downstream of AA

Segment No. Length (m) Segment No. Length {m)

U s G B e
B LN L O

w

Upstream Total Lengsth Dowmstream Total Length
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Table 5a: Ratdng for Stream Comidor Continuiry for Wadeable Riverine Wetlands.

For Distance of 500 m Upsiream of

Rating A For Distance of 300 m Doonstream of A4:
A The combined total lenpth of all non- | The combined tofal lesgth of 20l ooo-boffe
buffer cegments is less than 100 m. sepmenss is less than 100 m
The combined toml lenpth of all non- | The combimed tofal lesgth of 2l ooo-boffe
boffer sepments is less than L m. segments is between 100 m and 200 m
B OR

The combined toml lenpth of all noo-
boffer sepgments is betmeen 100 m and 20
m.

The combined toml lenpth of all non-
i boffer sepments is between 100 m and 20
m.

The combined total length of non-bnifer
segmeents is greater than J00 m.

D OB

The combined tomal lesgth of 2ll moo-boffe
segments is less them 100 m

The combined tomal lesgth of 2ll moo-boffe
segments is between 100 m and 200 m

amy coadition

The ecombimed tof2l lenpth of non-boffer

nditi
any condition segrnents iz preater than 200 m.

Table 5b: Raring of Stream Corrddor Continuiry for Mon-sradeable Rivernine (1-sided AA<).

For Distance of 500 m Upsiream of

Rating Aa- For Distance of 300 m Doonstream of A4:
The combined total lenpth of all non- | The combined total length of all non-buffer
A R . -
buffer sepments is lezs 50 m. sepments is less than 50 m.
The combined total lenpth of all pon- | The combimed tofal lesgth of 2ll moo-boffer
boffer segments is less than 30 m segments is betwreen 50 m and 100 m
OR
B

The combioed totl lenpth of all mon-
buffer seprents i between 50 m and 100
m.

The combined tofal lemgth of all non-buffer
sepmeenss is less than is less than 500m.

The combioed totl lenpth of all mon-
C buffer sepments i between 50 m 2nd 10
m.

The combined tofal lemgth of all non-buffer
sepmeents is betereen; 50 o and 100 m.

The combined total length of non-bnifer

segment: iz greater than 100 m. gy comdition

D OR

The combimed towml lenpth of nDon-baffer

nditi
any condition segments is greater than 100 m.
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Meiric 2 Buffer

Definition: The buffer is the area adjoining the AA that is in a natural or semi-pataral state and cnrrently
not dedicated to anthropogenic uses that would severely demact fooun itz abdlity to epirap conm@minanis,
dizcourage forays into the AA by people and mon-padgve predators, or otherwize protect the AA from
stress and distarbancs.

To be considersd as buffer, 2 mitable land cower rype must be at l=ast 5 m wide smrting ac the sdge of the
Ad extending perpendicular oo the chanoel and exiend along the peometer of the AA (me=asured parallel
to the channel) for at l=ast 5 m. The maxzimom width of the buffer iz 250 m. Ar dismances beyond 250 m
fom the AA, the buffer becomes part of the hindseape context of the AA.

Special MNotes:

Ldwy ares of obew puter ot leoxr 30 w pade thot o5 adponony the A, swch 5r o loke, Larpe mver, v bvpe slosgh, & met
comsedersd rw the srrerrment of the buffer. Swck opew meater &5 sowsedered fo be wewtral and ox westber part of the petlond mor
part of the kuffer. There are three rearows for ecdudmy lorge orass sf spew pater [Le, more thaw 30 m sede] from
Arsessment Arear awd sheer kuffers.

1) Arsessmenty of bsffer exctens and buffer wadth are inflated by ncluding spen water ar & part of the buffer.

.E'_,l Whele fhere may b.-_:um'ﬂ-'t sorrelations beiveem petiand rressors emd dhe .jr.l.-.::.u'r._!l':- E-' SN BarEr, .f.l.l.slu'.h_;.rymg
swder gualkty pemerally reguires lakoratary analyser kzyend she rese of rapid acserrament.
_5_,| 5:5.‘:! warfer caw ke & Srrad sowrcE E_:'-.r.!'r"_w:s fie, m:r_:u.’;'n'.h:au. worer, Pear wakes) sr aw omdrrect souree E_:".r.!'r"_-:.-:
{L.e., proeotes bumen vistation, encourgpes atenseve wxe by bvestock lookog for pater, provedes dispersal
__.‘Er man-mafs _ﬂﬁ:n'.l' j_:i'lm'rr_,l gr & som ke & sewre qf h:ug,":'# #o o wetlamd |'1-._£.. W AT, _;flrn_:.'ug:l.-.?r: :|;r,'r
matrer plamt speces, weter Sat i cxventtol fo mamwivon wetlowd bydroperiod, efc ).
*Hazever, sny avea of spem water that i pethin 250 v of the AA but ir met directly adponing the A 21 comssdered part of
e b

T

Submetric A Percent of 4 4 with Buffer

Drefinition: This submetrie iz based on the relaton:ship berwesn the extent of buffer and the functons
prowided by aguatic azeas. Areas with more buffer typically provide more habimat values, better water
quality and other valuable fanctions. This submetric is scored by visually estimating from aerial imagery
(with feld veniScadon) the percent of the AA that is surounded by at l=ast 5 meters of buffer land cover
(Figuare 3). Thke upsiteam and downsiteam edges of the AA are oot included in this metoe, ooly the edges
parallel to the srean.
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Figure 5: Diagram of approachk to
estimate Percent of AA with Buffer for
Rivecine AA:. The white Ene iz the edge
of the AA, the red line indicate: where
there iz less than 5 meter: of buffer land
cover adjacent to the AA, while the green
Lne indicates where buffer is present. In
this example 55% of the AA has buffer.

Table 6: Guidelines for identifying wetland buffers and brealks in buffers.

* Please refer to the CRAM Photo Diciionary at wwi.cramwetiands.org for photos of each of the folloning excamples.

Examples of Land Covers
Included in Buffers

Examples of Land Covers Excluded from Buffers

Notes: buffers do not cross these land covers; areas

of open water adjacent to the AA are not included in
the aszezzment of the AA or its buffer.

* at-grade bike and foot
trailswich Light erafSe

¢ horse trails

* pamaral uph.nd habitats

* rlroads (with
infrequent use: 2 trans
per day or less)

* road: not hazardous to
wildlife, such a: seldom

uzed rural roads, forestry

roads oz private roads
* cswale:s and ditches

* vegetated levees

* commercial decelopments
* fences that interfere with the movement: of wildlife

* intenuve agriculture (row crops, orchards and

® golf courze:

* paved road: (two lanes or larger)

* actve nailroads (more than 2 trains per day)
* launs

¢ paking lots

* borze paddocks, feedlots, turkey ranches, etc.
® residential areas

* zound walls

* spors fields

* urbanized parks with active reczeation

* pedestrian/bike trails (with heavy traffic)

(i.e. food safecy fences that prevent the movement
of deez, rabbits and frogs)

vineyards)
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FPercent of AA with Buffer Worksheeat.
In ihe space provided below make a gquick sketch of the AA, or perfonm the assessment directly on the

aerial iroapery; ndicate whers buffer is present, sstmare the perceniage of the AA perimeter providing
buffer funcdons, and record the estimate amoant n the space provided.

Fercent of AA with Buffer: b

Table 7: Raring for Fercent of A4 writh Buffer.

Fati Alternanve Srtates
= {not including open-water areas)

A Buffer iz 75 - 100%% of AA Fuim.el:nr.

Buffer is 50 — 74% of AA perimeter.

C Buffer is 25 — 49% of AA penmetsr.

D Buffer is 0 — 24% of AA perimester.
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Submetric B: Average Buffer Width

Diefinition: The xrerage width of the buffer adjoining the AA is estimared by averaging the lengths of
eight soaight lines drawo at regular intervals arcund the Ad Som it pedmeter ouroand to the nearesi
non-buffer land cover or 250 m, whicherer 13 first encountered. It 13 asmnmed that the funcbons of the
buffer do not ncrease sipmifcanidy beyond an averape vadih of about 250 m. The mazimnm buffer width

i:rhcreﬁ:-::ifrﬂm.'l'h.eminjmumbuﬂuwidﬁi:im,mdnh.eminjmmlengnhufbuﬂualongnhe
Peﬁm.e'l:cr|:-fr.'|:|.e:'!|.c'5.i:-alm3m..r'|.l:|._1.'1.:e-a.I:h.a.tis]e-:':ThJ.nimwld:de-m]nn.ghm-n:maﬂmhen

buffer. See Table § abowe for mors guidancs reparding the identSeation of Ad boffers.

Table 8: Bteps to estimate Buffer Width for dverine wredands

Step 1

Ideniify arsas in which op=n water iz direcily adpeent to
the A4 with <5 m  beroespn the i:ligl: of the A4 apd ths
cpen water. These areas are excluded from buffex
calculations.

Srep 2

From ithe previous sub-methe, identify che areas that hawe
buffer adiaeent to the AA

Srep 3

For the area thot has besn identified az ha.'n.ng boffer, dras
sixaight lines 250 m n length parpendicular to the ams of
the stream channel at regulaly spaced intervals smarting at
the A4 boundary. For one-sided dreripe AA: dow four
lin=s; for Adds that inchade both sides of the smeam dooe
eight lines [zee Fienre & belowr].

Sep 4

Esumate the lenpth of each of the Ones as they extend avay
from the AA Fecord these lengths on the workshest
belowe.

S3tep S

Caleulaxte the average buffer widdch. Becord thiz widih on
the workshest below.
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Figure 6: Diagram of approach to
estimate Average Duffer Width for
Riverine AAs Coontinuing with the
example from above, draw & Lines evenly
distobuted within the buffer (red lines
indicate where no buffer is present). The
line: end in this example when they
encounter active row crop agrculture, a
lawn, and some fencing that restricts
wildlife movement.

.,

“',;hutll =2 A
TR L)
.. o8 S IRTAL B

Workzsheet for calculating average buffer width of AA

]

Buffer Width (m)

TIio(wn(g|o|w| e

Average Buffer Width
*Round to the nearest integer®

Table 9: Rating for average buffer width.

Rating Altemative States
A Average buffer width iz 190 - 250 m.
B Avenage buffer width 130 — 189 m.
C Avenage buffer width iz 65— 129 m.
D Average buffer width iz 0 — 64 m.
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Submetric C: Buffer Condition

Definition: The condition of a buffer iz aszeszed according to the extent and qualicy of it: vegetation
cover, the overnall condition of itz szubstrate, and the amount of human vizitation Buffer conditions are
azzezzed oaly for the portion of the wetland border that ha: already been identified as buffer (ie azin
Figure 7). Thus, evidence of direct impace: (parking lot:, buildingz, etc.} by people are excluded from thiz
metzic, becauze theze feature: are not inciuded az buffer land covers; instead theze impacts are included in
the Strezzor Checklize. If there i no buffer, aszign a scoze of D.

Figure 7: Diagram of method to asze::
Buffer Coanditon for Rivedone AAs
Continuing with the example from above,
thiz submetdc aszeszes the condition of the
buffer only where it wa:s found to be
prezent in the two prewiou:s step: (the
shaded area: zhown).

siadid

4 . ;'v.i, 3

Table 10: Rating for Buffer Condition.

*Plegze refer 20 the CRAM Photo Dictionsry st www.cramwetlands. org for photos of each of the follswimg ratmgs.

Rating

Altemative 3tates

A

Buffer for AA iz dominated by native vegetation, ha: undizturbed zoils, and iz
apparently subject to listle or 0o human wizitation.

Buffer for AA iz characterized by an intermediate mix of natve and zoz-mauve
vegetation (25% to 75% norn-native), but mositly undisturbed zoil: and iz apparenty
subject to Ittle or low impact kuman mutaton.

OR

Buffer for AA iz dominated by native vegetation, but :how: some ol distazbance and is
apparently subject to listle or Jow impact buman wzitation.

Buffer for AA it charactenzed by zubitantial (=73%) amount: of non-natwe vegetation
AND there iz at least a moderate degree of soil dizturbance/ compaction, and/oz theze i
etvidence of at least modezate intenzicy of human visitation.

Buffer for AA iz characterized by barren ground and/oz kighly compacted oz otherwize
diztarbed zois, and/oc there iz evidence of vezy intenze human vissation, or there == po
buffer prezent.
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Appendix 4B: Names and Locations of Sites in AIAM-CRAM Correlation Analyses

eCRAM ID AA Name latitude  longitude

2986 SMC09091 33.71374 -117.7954

2906 Peters Canyon Wash Mitigation 33.76429 -117.77043
3135 Corona-Rincon CRAM Area 2 33.89906 -117.58989
2832 Dairy Fork Tributary, Aliso Creek  33.5935  -117.71533
3510 Triunfo Creek 34.13221 -118.82049
2019 Wet Cat West/Country Village 3354442 -117.71606

Mitigation

3019 SGLT510 34.12102 -117.96335
3511 Triunfo Creek 34.1329  -118.81177
3323 San Jacinto River 33.66509 -117.27621
3358 Mill Creek 34.08873 -117.04233
3337 Lytle Creek 34.23759 -117.4983

3170 Deleo 1 33.7938  -117.49276
3187 Silverado Creek 33.74626 -117.59282
3174 Cajon Wash 34.23288 -117.42958
3204 Las Virgenes 37670 34.14132 -118.70116
3116 Santa Clara River 34.30159 -119.10426
3111 Ventura River 34.34639 -119.30023
3028 Deer Creek 0674 34.17588 -116.98454
2875 Lee Lake CRAM 1 33.80203 -117.49641
3213 Topanga Canyon 23297 34.05028 -118.58105
3335 Strawberry Creek 33.7296  -116.74715
3020 SMC00428 34.24704 -118.04915
3167 Bear Creek 34.1832  -117.00963
3316 Horse Thief Creek 33.57434 -116.41685
2834 Little Rock Creek 1195 34.45388 -118.01704
3011 SMCO05640 34.28405 -118.22214
3171 Potero Valley Creek 34.12742 -118.79659
3114 Calleguas Creek 34.1797  -119.04045
3203 Deleo 3 33.79735 -117.49336
3018 SGUT505 34.1689 -117.88866
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Appendix 4C: Scatterplots Comparing Select AIAM and CRAM Components
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CRAM Biotic Structure

CRAM Vertical Biotic Structure

CRAM Vertical Biotic Structure
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Appendix 4D: AIAM-based Restoration Trajectories of Three Projects
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CHAPTER FIVE: CLOSING

This dissertation contributed to compensatory mitigation by assessing its implementation
and producing tools that can be used for mitigation project management. The analysis of
compensatory mitigation in southern California revealed a shift in compensation practices from
before to after the 2008 Final Rule. Mitigation through third party credit purchase did not
increase as expected, and off-site permittee-responsible mitigation increased to be the most
prevalent choice. These patterns may have been influenced by multiple factors including the
compensation hierarchy introduced by the Final Rule, and economic dynamics. We developed
stream restoration performance curves that illustrate the hypothetical development of high
performing projects using the California Rapid Assessment Method (CRAM). The curves imply
that the CRAM index and hydrology and biotic structure attributes reach reference levels within
30 years following restoration, but that the physical structure attribute will not. The curves can
be used by restoration practitioners and project managers to forecast restoration development and
set performance standards. We also developed a remote aerial imagery assessment method
(AIAM) that captures the ecological condition of small riparian areas quickly and inexpensively.
AIAM can record the changing condition of real restoration projects over time, and may be used

to supplement project monitoring practices.

While this dissertation focused primarily on compensatory mitigation, the ultimate
national goal is to cease the net loss of aquatic resources. Due in part to the 8404 program, the
loss of these resources in the United States has been mitigated. A series of national Wetland

Status and Trends reports have revealed that national wetland acres and rates of loss decreased
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from the 1950’s to present (Frayer et al. 1983; Dahl & Johnson 1991; Dahl 2000, 2006, 2011).
Dahl (2006) even reported an annual net gain in wetland acres between 1998-2004, and
attributed the increase to creation, enhancement, and restoration through both regulatory and
non-regulatory restoration programs. However, pond construction by agricultural conservation
programs provided the acres that set gains above losses during that time period. Dahl (2006)
highlighted that the replacement of vegetated wetlands with ponds results in a change of wetland
classification, and that ponds do not provide the same values and functions as vegetated
wetlands. Furthermore, the report also emphasized that the quality of existing wetlands
nationwide was unknown, and underscored the need to assess their condition. The Status and
Trends report for 2004-2009 indicated that annual net loss resumed (Dahl 2011). A look into
wetland replacement and compensatory mitigation outcomes reveals continued loss of both area
and functions (Turner, Redmond & Zedler 2001). Studies of created wetland function have
concluded that replacement wetlands fall short of natural wetland quality (Zedler & Callaway
1999; Hossler et al. 2011). Studies evaluating compensatory mitigation project success have
documented projects failing in several respects, including ecological and area replacement
(Sudol & Ambrose 2002; Ambrose, Callaway & Lee 2007). Achievement of the “no net loss”
goal continues to evade our efforts. | will briefly discuss two approaches to pursuing this goal

and how the work of this dissertation connects to each.

A first approach to halting net loss is to optimize the methods and mechanisms of
wetland replacement through compensatory mitigation. The results of this dissertation primarily
contribute to this approach. The analysis of compensatory mitigation in southern California
provides a snapshot of how regulations intended to address wetland loss by improving

compensation have been enacted. The 2008 Final Rule attempts to better compensatory
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mitigation by elevating the watershed approach and mechanisms of compensation thought to
have lower risks of failure (i.e., third party mitigation). The shift in mitigation types observed
was not in complete agreement with the predicted patterns based on the compensation hierarchy.
Our results can help regional compensatory mitigation project managers and watershed planners
decide what additional mitigation information to evaluate, and whether to seek adjustments to
local compensation mechanisms, such as more availability of third party credits. The
performance curves and aerial imagery assessment method are tools to better the management of
aquatic resource replacement projects. They can be used for project monitoring, site selection,
and other facets of stream restoration. Although the services provided by naturally occurring
aquatic resources are not fully replaced in created wetlands, it is important to improve

compensation and restoration for the best results possible.

A second approach to achieving “no net loss” is to reduce or eliminate impacts. Within
the mitigation sequence, this can be accomplished by focusing on avoidance and minimization.
The connection between avoidance and “no net loss” is simple: without impacts to resources,
there is theoretically no loss. Little is known about the frequency and extent of avoidance and
minimization. They are difficult to assess because a uniform process to measure them has not
been coordinated. Perhaps their implementation should be documented in a consistent manner as
part of the 8404 permitting process. While current regulations merely recommend (i.e., do not
require) avoidance and minimization, additional efforts can promote this practice. Clare et al.
(2011) suggested promoting avoidance through watershed planning to inform land management,
through wetland valuation, and by increasing public appreciation. Bronner et al. (2013)
suggested protecting streams through local zoning and floodplain regulations, and through

financial incentives to re-use already developed sites. Also, permittees might lean more towards
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avoidance and minimization if compensatory mitigation becomes more expensive. Studies have
indicated that five years is not long enough to know how well a project will perform and be
sustained, and that compensatory mitigation does not fully compensate for lost aquatic resources.
Longer required monitoring, higher mitigation ratios, higher ecological standards in mitigation
planning, and more rigorous requirements for allowed forms of mitigation are ways to address
these concerns, but also increase the cost and burden of responsibility connected with

compensatory mitigation.

Impacts can also be eliminated through regulated preservation. Many are concerned that
preservation is not compensation (and | agree). However, preservation is a powerful way to
protect existing aquatic resources, thereby preventing future impacts. Efforts to conserve aquatic
resources would benefit from required preservation acres in addition to compensation through
restoration, enhancement, and creation. These acres should be above and beyond the
conservation easements often placed on compensation projects. Mitigation banks are potentially
good mechanisms to coordinate preservation, should this practice be elevated. They identify and
obtain strategic parcels of property. Some already generate credits through preservation that
could be specifically applied to meet preservation requirements, rather than to offset the loss of

real wetlands.

Under the current regulatory system, District engineers are given latitude to determine
what compensatory mitigation decisions are “appropriate” and “practicable” in multiple
scenarios, including application of the watershed approach and avoidance and minimization.
Critics of the Final Rule view this latitude as negative, fearing that regulatory officials will

permit impacts without requiring sufficient mitigation. However, officials can also use this
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freedom to reduce potential impacts by promoting avoidance and minimization. They can also
increase compensation project effectiveness by raising standards and requirements, with
acceptable rationale. For example, the Final Rule specifies a minimum project monitoring period
of five years, and gives district engineers the ability to reduce or extend the requirement. The
restoration science community has established that restored wetlands do not reach maturity
within five years, and recommended longer monitoring periods. Although this has not resulted
universally in more monitoring, there have been cases where regulatory officials required
additional monitoring time to see if adaptive management efforts were successful. We should
continue to focus on establishing knowledge connected to the mitigation sequence so that
regulators are well-informed to set requirements for, and propose alternatives to, compensatory

mitigation.

131



REFERENCES

Allen A.O. & Feddema J.J. (1996) Wetland loss and substitution by the Section 404 permit
program in southern California, USA. Environmental Management 20, 263-274.

Ambrose R.F., Callaway J.C. & Lee S.F. (2007) An Evaluation of Compensatory Mitigation
Projects Permitted Under Clean Water Act Section 401 by the California State Water
Quality Control Board, 1991-2002.

Ambrose R.F. & Lee S.F. (2004) An evaluation of compensatory mitigation projects permitted
under Clean Water Act Section 401 by the Los Angeles Regional Quality Control Board,
1991-2002. California State Water Resources Control Board, Los Angeles, California,
USA.

Apan A.A., Raine S.R. & Paterson M.S. (2002) Mapping and analysis of changes in the riparian
landscape structure of the Lockyer Valley catchment, Queensland, Australia. Landscape
and Urban Planning 59, 43-57.

Bash J.S. & Ryan C.M. (2002) Stream Restoration and Enhancement Projects: Is Anyone
Monitoring? Environmental Management 29, 877-885.

BenDor T. (2009) A dynamic analysis of the wetland mitigation process and its effects on no net
loss policy. Landscape and Urban Planning 89, 17-27.

BenDor T. & Riggsbee J.A. (2011) Regulatory and ecological risk under federal requirements for
compensatory wetland and stream mitigation. Environmental Science & Policy 14, 639—
649.

Bernhardt E.S., Palmer M.A., Allan J.D., Alexander G., Barnas K., Brooks S., et al. (2005)
Synthesizing U.S. River Restoration Efforts. Science 308, 636-637.

Bernhardt E.S., Sudduth E.B., Palmer M.A., Allan J.D., Meyer J.L., Alexander G., et al. (2007)
Restoring Rivers One Reach at a Time: Results from a Survey of U.S. River Restoration
Practitioners. Restoration Ecology 15, 482-493.

Brinson M.M. (1993) A Hydrogeomorphic Classification for Wetlands. US Army Corps of
Engineers, Waterways Experiment Station.

Bronner C.E., Bartlett A.M., Whiteway S.L., Lambert D.C., Bennett S.J. & Rabideau A.J. (2013)
An Assessment of U.S. Stream Compensatory Mitigation Policy: Necessary Changes to
Protect Ecosystem Functions and Services. JAWRA Journal of the American Water
Resources Association 49, 449-462.

Brown S.C. & Veneman P.L.M. (2001) Effectiveness of compensatory wetland mitigation in
Massachusetts, USA. Wetlands 21, 508-518.

132



California Department of Forestry and Fire Protection (2014) California Forest Practice Rules
2014. Sacramento, CA.

California Wetlands Monitoring Workgroup (2013) California Rapid Assessment Method
(CRAM) for Wetlands and Riparian Areas, Version 6.1.

California Wetlands Monitoring Workgroup (2009) Using CRAM (California Rapid Assessment
Method) to Assess Wetland Projects as an Element of Regulatory and Management
Programs Technical Bulletin.

Chung Y.J. (2006) Cumulative impacts to riparian wetlands in Aliso Creek and San Juan
Watersheds. University of California, Los Angeles.

Claggett P.R., Okay J.A. & Stehman S.V. (2010) Monitoring Regional Riparian Forest Cover
Change Using Stratified Sampling and Multiresolution Imageryl. JAWRA Journal of the
American Water Resources Association 46, 334-343.

Clare S., Krogman N., Foote L. & Lemphers N. (2011) Where is the avoidance in the
implementation of wetland law and policy? Wetlands Ecology and Management 19, 165—
182.

Cohen D.T., Hatchard G.W. & Wilson S.G. (2015) Population Trends in Incorporated Places:
2000 to 2013. United States Census Bureau.

Collins J.N., E D Stein, M Sutula, R Clark, A E Fetscher, L Grenier, et al. (2008) California
Rapid Assessment Method (CRAM) for Wetlands, v. 5.0.2.

Corenblit D., Tabacchi E., Steiger J. & Gurnell A.M. (2007) Reciprocal interactions and
adjustments between fluvial landforms and vegetation dynamics in river corridors: A
review of complementary approaches. Earth-Science Reviews 84, 56-86.

Cowardin L.M., Carter V., Golet F.C. & LaRoe E.T. (1979) Classification of wetlands and
deepwater habitats of the United States. U.S. Department of the Interior, Fish and
Wildlife Service, Washington, DC.

Craft C., Broome S. & Campbell C. (2002) Fifteen Years of Vegetation and Soil Development
after Brackish-Water Marsh Creation. Restoration Ecology 10, 248-258.

Craft C., Megonigal P., Broome S., Stevenson J., Freese R., Cornell J., et al. (2003) The Pace of
Ecosystem Development of Constructed Spartina alterniflora Marshes. Ecological
Applications 13, 1417-1432.

Craft C., Reader J., Sacco J.N. & Broome S.W. (1999) Twenty-Five Years of Ecosystem
Development of Constructed Spartina alterniflora (Loisel) Marshes. Ecological
Applications 9, 1405-1419.

133



Dahl T.E. (2000) Status and trends of wetlands in the conterminous United States 1986 to 1997.
U.S. Department of the Interior, Fish and Wildlife Service, Washington, D.C.

Dahl T.E. (2006) Status and Trends of Wetlands in the Conterminous United States 1998 to
2004. U.S. Department of the Interior; Fish and Wildlife Service, Washington, D.C.

Dahl T.E. (2011a) Status and Trends of Wetlands in the Conterminous United States 2004 to
2009.

Dahl T.E. (2011b) Status and Trends of Wetlands in the Conterminous United States 2004 to
2009. U.S. Department of the Interior; Fish and Wildlife Service, Washington, D.C.

Dahl T.E. & Johnson C.E. (1991) Status and trends of wetlands in the conterminous United
States, mid-1970s to mid-1980s. U.S. Department of the Interior, Fish and Wildlife
Service, Washington, D.C.

Davidson N.C. (2014) How much wetland has the world lost? Long-term and recent trends in
global wetland area. Marine and Freshwater Research 65, 934-941.

Frayer W.E., Monahan T.J., Bowden D.C. & Graybill F.A. (1983) Status and trends of wetlands
and deepwater habitats in the conterminous United States, 1950°s to 1970’s. Colorado
State University, Fort Collins, CO.

Gillan J.K., Karl J.W., Duniway M. & Elaksher A. (2014) Modeling vegetation heights from
high resolution stereo aerial photography: An application for broad-scale rangeland
monitoring. Journal of Environmental Management 144, 226-235.

Goetz S.J. (2006) Remote Sensing of Riparian Buffers: Past Progress and Future Prospects.
JAWRA Journal of the American Water Resources Association 42, 133-143.

Goetz S.J., Wright R.K., Smith A.J., Zinecker E. & Schaub E. (2003) IKONQOS imagery for
resource management: Tree cover, impervious surfaces, and riparian buffer analyses in
the mid-Atlantic region. Remote Sensing of Environment 88, 195-208.

Gonzélez E., Sher A.A., Tabacchi E., Masip A. & Poulin M. (2015) Restoration of riparian
vegetation: A global review of implementation and evaluation approaches in the
international, peer-reviewed literature. Journal of Environmental Management 158, 85—
94.

Goodman C.J. & Mance S.M. (2011) Employment loss and the 2007—-09 recession: an overview.
Monthly Labor Review 134, 3-12.

Gutrich J.J. & Hitzhusen F.J. (2004) Assessing the substitutability of mitigation wetlands for

natural sites: estimating restoration lag costs of wetland mitigation. Ecological
Economics 48, 409-424.

134



Gutrich J.J., Taylor K.J. & Fennessy M.S. (2009) Restoration of vegetation communities of
created depressional marshes in Ohio and Colorado (USA): The importance of initial
effort for mitigation success. Ecological Engineering 35, 351-368.

Haack B. (1996) Monitoring wetland changes with remote sensing: An East African example.
Environmental Management 20, 411-419.

Hadi A. (2011) Construction employment peaks before the recession and falls sharply
throughout it. Monthly Labor Review 134, 24-27.

Hill M.T. & Platts W.S. (1998) Ecosystem Restoration: A Case Study in the Owens River Gorge,
California. Fisheries 23, 18-27.

Holland C.C. & Kentula M.E. (1992) Impacts of section 404 permits requiring compensatory
mitigation on wetlands in California (USA). Wetlands Ecology and Management 2, 157—
169.

Honek K., Azar E. & Menassa C.C. (2011) Recession effects in United States public sector
construction contracting: Focus on the American Recovery and Reinvestment Act of
2009. Journal of Management in Engineering 28, 354—-361.

Hope A., Tague C. & Clark R. (2007) Characterizing post-fire vegetation recovery of California
chaparral using TM/ETM+ time-series data. International Journal of Remote Sensing 28,
1339-1354.

Hossler K., Bouchard V., Fennessy M.S., Frey S.D., Anemaet E. & Herbert E. (2011) No-net-
loss not met for nutrient function in freshwater marshes: recommendations for wetland
mitigation policies. Ecosphere 2, art82.

Hough P. & Robertson M. (2008) Mitigation under Section 404 of the Clean Water Act: where it
comes from, what it means. Wetlands Ecology and Management 17, 15-33.

Hough P. & Sudol M. (2008) New Regulations to Improve Wetland and Stream Compensatory
Mitigation | National Wetlands Newsletter. National Wetlands Newsletter 30, 1.

Hruby T. (2001) Testing the Basic Assumption of the Hydrogeomorphic Approach to
AssessingWetland Functions. Environmental Management 27, 749-761.

Hupp C.R. & Osterkamp W.R. (1996) Riparian vegetation and fluvial geomorphic processes.
Geomorphology 14, 277-295.

Johansen K., Arroyo L.A., Armston J., Phinn S. & Witte C. (2010) Mapping riparian condition
indicators in a sub-tropical savanna environment from discrete return LiDAR data using
object-based image analysis. Ecological Indicators 10, 796-807.

Kent B.J. & Mast J.N. (2005a) Wetland change analysis of San Dieguito Lagoon, California,
USA: 1928-1994. Wetlands 25, 780-787.

135



Kent B.J. & Mast J.N. (2005b) Wetland change analysis of San Dieguito Lagoon, California,
USA: 1928-1994. Wetlands 25, 780-787.

Kentula M.E., Brooks R.P., Gwin S.E., Holland C.C., Sherman A.D. & Sifneos J.C. (1992) An
Approach to Improving Decision Making in Wetland Restoration and Creation. U.S.
Environmental Protection Agency, Environmental Research Laboratory, Corvallis, OR.

Kettlewell C.1., Bouchard V., Porej D., Micacchion M., Mack J.J., White D., et al. (2008) An
assessment of wetland impacts and compensatory mitigation in the Cuyahoga River
Watershed, Ohio, USA. Wetlands 28, 57-67.

Kim D.Y., Persad K.R., Harrison R. & Loftus-Otway L. (2014) Assessing the Direct
Employment Impact of Federal Economic Stimulus Funds on Construction Projects in
Texas. Journal of Management in Engineering 30, 04014010.

Knops J.M.H. & Tilman D. (2000) Dynamics of Soil Nitrogen and Carbon Accumulation for 61
Years After Agricultural Abandonment. Ecology 81, 88-98.

Kondolf G.M. (1995) Five Elements for Effective Evaluation of Stream Restoration. Restoration
Ecology 3, 133-136.

Lee T.-M. & Yeh H.-C. (2009) Applying remote sensing techniques to monitor shifting wetland
vegetation: A case study of Danshui River estuary mangrove communities, Taiwan.
Ecological Engineering 35, 487-496.

Lennox M.S., Lewis D.J., Jackson R.D., Harper J., Larson S. & Tate K.W. (2011) Development
of Vegetation and Aquatic Habitat in Restored Riparian Sites of California’s North Coast
Rangelands. Restoration Ecology 19, 225-233.

Mann R. & Goldman-Carter J. (2008) Avoidance: Still the Best Solution to the Compensatory
Mitigation Challenge | National Wetlands Newsletter. National Wetlands Newsletter 30,
8.

Martin S. & Brumbaugh R. (2011) Entering a New Era: What Will RIBITS Tell Us About
Mitigation Banking? National Wetlands Newsletter 33, 16.

Matthews J.W. & Spyreas G. (2010) Convergence and divergence in plant community
trajectories as a framework for monitoring wetland restoration progress. Journal of
Applied Ecology 47, 1128-1136.

Matthews J.W., Spyreas G. & Endress A.G. (2009) Trajectories of vegetation-based indicators
used to assess wetland restoration progress. Ecological Applications 19, 2093-2107.

McBride M., Hession W.C. & Rizzo D.M. (2010) Riparian reforestation and channel change:
How long does it take? Geomorphology 116, 330—340.

136



McMeechan M.M. (2009) Remote Sensing Evaluation of Compensatory Wetland Mitigation
Regulated Under the Clean Water Act in California, USA. University of California, Los
Angeles.

McMichael C.E., Hope A.S., Roberts D.A. & Anaya M.R. (2004) Post-fire recovery of leaf area
index in California chaparral: A remote sensing-chronosequence approach. International
Journal of Remote Sensing 25, 4743-4760.

Mitsch W.J. & Wilson R.F. (1996) Improving the Success of Wetland Creation and Restoration
with Know-How, Time, and Self-Design. Ecological Applications 6, 77-83.

Morgan J.L., Gergel S.E. & Coops N.C. (2010) Aerial Photography: A Rapidly Evolving Tool
for Ecological Management. BioScience 60, 47-59.

Morgan P.A. & Short F.T. (2002) Using Functional Trajectories to Track Constructed Salt Marsh
Development in the Great Bay Estuary, Maine/New Hampshire, U.S.A. Restoration
Ecology 10, 461-473.

Murphy J., Goldman-Carter J. & Sibbing J. (2009) New mitigation rule promises more of the
same: Why the new Corps and EPA mitigation rule will fail to protect our aquatic
resources adequately. Stetson Law Review 38, 310-336.

National Bureau of Economic Research (2015) US Business Cycle Expansions and Contractions.

National Research Council (2001) Compensating for Wetland Losses Under the Clean Water
Act. National Academy Press, Washington, DC.

Osland M.J., Spivak A.C., Nestlerode J.A., Lessmann J.M., Almario A.E., Heitmuller P.T., et al.
(2012) Ecosystem Development After Mangrove Wetland Creation: Plant-Soil Change
Across a 20-Year Chronosequence. Ecosystems 15, 848-866.

Palmer M., Allan J.D., Meyer J. & Bernhardt E.S. (2007) River Restoration in the Twenty-First
Century: Data and Experiential Knowledge to Inform Future Efforts. Restoration Ecology
15, 472-481.

Pfeifer C.E. & Kaiser E.J. (1995) An Evaluation Of Wetlands Permitting And Mitigation
Practices In North Carolina. University of North Carolina, Chapel Hill, NC.

Phinn S.R., Stow D. a. & Zedler J. b. (1996) Monitoring Wetland Habitat Restoration in
Southern California Using Airborne Multi spectral Video Data. Restoration Ecology 4,
412-422.

Reiss K.C., Hernandez E. & Brown M.T. (2009) Evaluation of permit success in wetland
mitigation banking: A Florida case study. Wetlands 29, 907-918.

Robb J.T. (2000) Indiana Wetland Compensatory Mitigation: Inventory. Indiana Department of
Environmental Management, Indianapolis, IN.

137



Robertson M.M. (2006) Emerging ecosystem service markets: trends in a decade of
entrepreneurial wetland banking. Frontiers in Ecology and the Environment 4, 297-302.

Sever L., Leach J. & Bren L. (2012) Remote sensing of post-fire vegetation recovery; a study
using Landsat 5 TM imagery and NDVI in North-East Victoria. Journal of Spatial
Science 57, 175-191.

Shuman C.S. & Ambrose R.F. (2003) A comparison of remote sensing and ground-based
methods for monitoring wetland restoration success. Restoration Ecology 11, 325-333.

Smith R.D., Ammann A., Bartoldus C. & Brinson M.M. (1995) An approach for assessing
wetland functions using hydrogeomorphic classification, reference wetlands, and
functional indices. US Army Corps of Engineers Waterways Experiment Station,
Vicksburg, MS.

Solek C.W., Stein E.D., Collins J.N., Grenier L., Clark R., O’Connor K., et al. (2010)
Developing a statewide network of reference wetlands for California: Conceptual
approach and process for prioritizing and selecting reference sites. Southern California
Coastal Water Research Project, Costa Mesa, CA.

Stander E.K. & Ehrenfeld J.G. (2009) Rapid Assessment of Urban Wetlands: Functional
Assessment Model Development and Evaluation. Wetlands 29, 261-276.

Stapanian M.A., Waite T.A., Krzys G., Mack J.J. & Micacchion M. (2004) Rapid assessment
indicator of wetland integrity as an unintended predictor of avian diversity.
Hydrobiologia 520, 119-126.

Stefanik K.C. & Mitsch W.J. (2012) Structural and functional vegetation development in created
and restored wetland mitigation banks of different ages. Ecological Engineering 39, 104—
112.

Stein E.D., Dark S., Longcore T., Grossinger R., Hall N. & Beland M. (2010) Historical Ecology
as a Tool for Assessing Landscape Change and Informing Wetland Restoration Priorities.
Wetlands 30, 589-601.

Stein E.D., Fetscher A.E., Clark R.P., Wiskind A., Grenier J.L., Sutula M., et al. (2009)
Validation of a Wetland Rapid Assessment Method: Use of Epa’s Level 1-2-3
Framework for Method Testing and Refinement. Wetlands 29, 648-665.

Stevens P.R. & Walker T.W. (1970) The Chronosequence Concept and Soil Formation. The
Quarterly Review of Biology 45, 333-350.

Sudol M.F. & Ambrose R.F. (2002) The US Clean Water Act and Habitat Replacement:
Evaluation of Mitigation Sites in Orange County, California, USA. Environmental
Management 30, 0727-0734.

138



Sutula M.A., Stein E.D., Collins J.N., Fetscher A.E. & Clark R. (2006) A Practical Guide for the
Development of a Wetland Assessment Method: The California Experiencel. JAWRA
Journal of the American Water Resources Association 42, 157-175.

Thomas J.P., Fisher G.B., Chandler L.A., Angeli K.M., Wheeler D.J., Glover R.P., et al. (2011)
Using remote sensing and imagery exploitation to monitor the dynamics of East
Timbalier Island, LA: 2000-2010. Geocarto International 26, 613-632.

Turner R.E., Redmond A.M. & Zedler J.B. (2001) Count it up by acre or function-Mitigation
adds up to net loss of wetlands. National Wetlands Newsletter 23.

US Army Corps of Engineers (2012a) 1205-SPD Standard Operating Procedure for Uniform
Performance Standards.

US Army Corps of Engineers (2013) Draft 2013 Regional Compensatory Mitigation and
Monitoring Guidelines for South Pacific Division USACE.

US Army Corps of Engineers (1995) National Wetland Mitigation Banking Study Technical and
Procedural Support to Mitigation Banking Guidance. Institute for Water Resources,
Alexandria, VA.

US Army Corps of Engineers (2012b) Reissuance of Nationwide Permits. Federal Register 77,
10184-10290.

US Army Corps of Engineers & US Environmental Protection Agency (2008) Compensatory
Mitigation for Losses of Aquatic Resources, Final Rule.

US Census Bureau (2015a) State and County QuickFacts.
US Census Bureau (2015b) US Census Bureau Building Permits Survey.

US Department of the Army & US Environmental Protection Agency (1990) Memorandum of
Agreement Between the Environmental Protection Agency and the Department of the
Army Concerning the Determination of Mitigation Under the Clean Water Act Section
404(b)(1) Guidelines.

US Government Accountability Office (2005) WETLANDS PROTECTION Corps of Engineers
Does Not Have an Effective Oversight Approach to Ensure That Compensatory
Mitigation Is Occurring. Washington, DC.

Wilkinson J. (2009) In-lieu fee mitigation: coming into compliance with the new Compensatory
Mitigation Rule. Wetlands Ecology and Management 17, 53-70.

Wilson R.F. & Mitsch W.J. (1996) Functional assessment of five wetlands constructed to
mitigate wetland loss in Ohio, USA. Wetlands 16, 436—451.

139



World Resources Institute (2005) Millennium Ecosystem Assessment-Ecosystems and Human
Well-being: Wetlands and Water Synthesis. World Resources Institute, Washington, D.C.

Zedler J.B. & Callaway J.C. (1999) Tracking Wetland Restoration: Do Mitigation Sites Follow
Desired Trajectories? Restoration Ecology 7, 69-73.

Zedler J.B. & Kercher S. (2005a) WETLAND RESOURCES: Status, Trends, Ecosystem
Services, and Restorability. Annual Review of Environment and Resources 30, 39-74.

Zedler J.B. & Kercher S. (2005b) Wetland Resources: Status, Trends, Ecosystem Services, and
Restorability. Annual Review of Environment and Resources 30, 39-74.

140





