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Abstract: Conservation and mitigation banks allow their proponents to buy credits to offset the
negative residual impacts of their development projects with the goal of no net loss (NNL) in the
ecosystem function and habitat area. However, little is known about the extent to which these bank
transactions achieve NNL. We synthesized and reviewed 12,756 transactions in the United States
which were related to meeting area and ecological equivalence (n = 4331) between the approved
negative impact and offset. While most of these transactions provided an offset that was equal to
or greater than the impacted area, approximately one quarter of the transactions, especially those
targeting wetlands, did not meet ecological equivalence between the impact and offset. This missing
ecological equivalence was often due to the significantly increasing use of preservation, enhancement,
and rehabilitation over creating new ecosystems through establishment and re-establishment. Stream
transactions seldom added new ecosystem area through creation but mainly used rehabilitation in
order to add offset benefits, in many cases leading to a net loss of area. Our results suggest that best
practice guidance on habitat creation as well as the incentivization of habitat creation must increase
in the future to avoid net loss through bank transactions and to meet the ever-accelerating global
changes in land use and the increased pressure of climate change.

Keywords: offsetting; conservation policy; biodiversity market; preservation

1. Introduction

Land-use development has steadily increased in recent decades, leading to significant
losses in biodiversity and large-scale habitat degradation and fragmentation on a global
scale [1–3]. Driven by stakeholders, such as policymakers, financial institutions, non-
governmental organizations (NGOs), and industry, conservation efforts have shifted from
simply protecting certain species or areas to developing frameworks and approaches
that are aimed to preserve a diverse array of functions and ecosystems services, as well
as species diversity, adaptively and sustainably [4,5]. Offsetting is one such approach
that has been widely adopted into legislation across the globe (e.g., Natura 2000 and the
Installation Classified for the Protection of the Environment (ICPE) in France, Environmental
Impact Assessment legislation (EIA) in Europe, the Clean Water Act and Endangered Species
Act in the United States, and the Biodiversity Offset Scheme and Victorian Native Vegetation
Framework in Australia; [4–9]). Offsetting is based on the principle that negative impacts
on a species or ecosystem will be compensated for at the impact site (on-site) or somewhere
else (offsite). The underlying principle of offsetting is that there is no net loss (NNL) of
habitat area (with a minimum of a 1:1 ratio of gains to losses), function, condition (quality),
biodiversity, services, or other defined equivalency targets (Figure 1a; [5,8,9]).

The use of banking has been established as an increasingly popular and constantly
evolving mechanism for delivering a required offset. Unlike traditional offsetting mecha-
nisms, which are proponent-led (i.e., the impact’s proponent is responsible for the offset’s
approval and implementation), banking allows the proponent to purchase credits using an
accreditation system to secure gains elsewhere (Figure 1b,c; [10–12]).
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Banking features many similarities to the proponent-led compensation mechanism, as
the offset that is provided by the bank is the last step in the mitigation hierarchy [10–12].
Banks are composed of the banking instrument (a formal agreement between the owner/
sponsor and the regulatory agency), physical banking areas (managed through preservation,
enhancement, etc.), service area (the geographic area in which a bank can sell credits to
a proponent), and the Interagency Review Team. Banks can be created and managed by
government agencies, industry, NGOs, or private entities [13]. In North America, banking
types are divided into (wetland and stream) mitigation banks, conservation banks, In-Lieu
Fee programs (ILFs), and umbrella banks [13–16].

The banking mechanism features some unique differences when it is compared to
traditional proponent-led offsets. Firstly, the act of moving responsibility away from the
proponent reduces the time and potentially the monetary investments that are required
from the proponent [13,16,17]. Secondly, the perpetuity requirements for the banks are often
met more successfully due to the potential for the banks to rely on more extensive financial
means and sponsorships as well as better scientific and on-the-ground implementation
support, as opposed to proponent-led offsets [18,19]. Similarly, banking in the North
American context of proponent-led versus banking-led offsets can reduce risk since the
legal liability and responsibility for any ecological offsets’ failures are transferred to the
bank [19,20]. While offsetting creates a market-driven environment, in the case of banking
it allows landowners to use their land for conservation purposes rather than exploiting its
resources. However, this incentivized form of ecosystem stewardship requires the loss of
ecosystem aspects, services, or biodiversity elsewhere. Banking is well suited for preserving
high-quality habitats as well as securing larger areas of connected habitat, thus ensuring
better connectivity, as opposed to a patchwork of offsets [16]. These benefits are also in the
interest of the public as they allow time-sensitive projects to be actualized sooner [16].

Banking faces many of the same technical issues as traditional offsetting mechanisms,
such as achieving ecological equivalency between the impact and offset [19,21,22]. Further
issues include poor transparency in the reporting and collection of data, as well as the lack of
resources that are required to enforce long-term monitoring by regulatory agencies [18,23].
Some banks struggle with the inability to secure the necessary endowment funds for per-
petual management, which can lead to management and sponsorship changes or the bank’s
closure [24,25]. There has also been a disjunction between the regulatory requirements and
ecosystem function, meaning that compliance with regulation does not necessarily lead to
good ecosystem function [21,22,25,26]. Furthermore, unavoidable long-term losses at the
impact site and offset degradation over time, as well as the loss of irreplaceable ecosystem
aspects, are frequently insufficiently accounted for in the initial project and offset planning
process due to high degrees of uncertainty [26,27]. The main, persisting issue for banks is
the overuse of preserving habitat areas of low ecological value or species that are not in
immediate danger. This can have a similar effect wherein true ecosystem equivalency is not
met or the multi-dimensional ecosystem services or biodiversity values are not considered
(Figure 1c; [18,19,21,23,28]).
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attribution: Jason C. Fisher; Tracey Saxby; Emily Nastase; Jane Hawkey; [29]). 
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banks. Many states and regions laid their banking groundwork and practices inde-
pendently, which resulted in distinct differences between established banking networks 

Figure 1. Steps taken allowing for harmful impact to be compensated for through an equivalent or
larger offset. (a) Example of impact to offset translation through banking credits. (b) Commonly ac-
cepted benefit provision through different offset methods (preservation, enhancement, rehabilitation,
re-establishment, or establishment. (c) Figure content based on [9,17,20]. (Digital symbols attribution:
Jason C. Fisher; Tracey Saxby; Emily Nastase; Jane Hawkey; [29]).

Unified legislation and policy guidelines were released in 1995 in the United States as
part of the Clean Water Act (CWA 404) regarding the role and the establishment of banks.
Many states and regions laid their banking groundwork and practices independently,
which resulted in distinct differences between established banking networks across regions
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in the United States [30,31]. To unify banking practices, the United States Army Corps of
Engineers (USACE) and the Environmental Protection Agency (USEPA), as well as the
Fish and Wildlife Service (USFWS), have evaluated the projects that were undertaken and
permits that were issued between 1995 and 2008 [17,32].

In order to investigate whether banks achieve ecological equivalency as well as NNL
in terms of habitat area on a national scale, we used publicly available data on banks
in the United States through the Regulatory In-lieu Fee and Bank Information Tracking
System [14,23,33–35].

Our main research questions were:

(1) Are transactions that are conducted by habitat banks in the United States likely to
achieve NNL for ecological equivalency and ratio equivalency and are there discernible dif-
ferences in achieving NNL between different mitigation targets and mitigation methods?

(2) What are the possible shortcomings and reasons for not meeting NNL and ecological
equivalency targets?

(3) Is preservation overused as a mitigation method and what targets and benefits does it
provide?

We addressed question (1) by extracting bank transactions from RIBITS and assessing
the associated impact, offset, and credits in order to determine gain:loss ratios, with the
assumption that a ratio of 1:1 is accepted as NNL. Question (2) was answered by looking at
how gains and losses are recorded in the RIBITS database and how well the impact types
and offset types match; this is ecological equivalency between the gains and losses. Question
(3) was investigated through an assessment of banks’ reliance on preservation as their main
mitigation method.

2. Materials and Methods

Data were extracted from the Regulatory In-Lieu Fee and Banking Information Track-
ing System (RIBITS; last accessed 29 November 2021). RIBITS contains up-to-date banking
reports for the entirety of the United States. We extracted data from 4039 banks and In-Lieu
Fee program (ILF) sites that were listed for the United States. The banks were defined as
either conservation, mitigation, and umbrella banks since they all state that their end goal
is to satisfy compensatory mitigation through preservation, establishment, re-establishment,
rehabilitation, and enhancement (Table 1; [9,12]). In order to investigate current banking
practices, only approved banks were included in our analysis, as well as only banks which
had the required information listed (Table 1). No ILF sites were retained in our analysis.
In-Lieu Fee programs and sites were excluded since they often do not provide the same
environmental benefit as bank credits [10]. This is because funds from a proponent are
deposited into in-lieu fee funds that are managed by an NGO or government agency mostly
for the purpose of future environmental management. These funds are generally spent on
future projects, thus potentially allowing the advent of habitat loss or degradation without
a timely offset [10]. We also only considered banks that were established after the USACE
guidelines of 1995 were put into place in order to have banks with a uniform reporting
system. This led to the inclusion of 1736 banks for analysis (Table 1). A second dataset was
used containing all the ledger transactions that were associated with the banks, providing
information about impacts and offsets as well as mitigation methods and mitigation targets
(n = 12,756; Table 1; transaction and data details can be found in Appendix A Figure A1).
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Table 1. Key variables and definitions used for ratio and ecological equivalency comparisons.

Bank Types: Reference: RIBITS; USFWS; EPA; USACE
Mitigation Conservation ILF (In-Lieu Fee Program) Umbrella

Wetlands, streams,
or riparian areas
are established,
rehabilitated,
enhanced, or
preserved in order
to create an offset,
as authorized by
the Department of
Army permits.

Permanently protected sites are managed
for endangered species, threatened
species, or species at risk. The aim is to
offset adverse impacts to the protected
species that are occurring off-site. Permits
are managed by USFWS.

Rehabilitation, establishment,
enhancement, or preservation of habitat
area or ecosystem function is enacted
through funds that are paid to a
governmental or non-profit natural
resources management organization. The
operation and use of an in-lieu fee
program are governed by an in-lieu fee
program instrument, thus differing this
process from mitigation banks while also
allowing out-of-kind mitigation.

One banking
instrument dictates
the general
requirements for
an array of current
and future sites
(e.g., the
management and
oversight of
individual site
plans so as to add
future sites to the
program).

Bank types according to bank targets:
Wetland Stream Species Multi-Species Multi-Ecosystem Group

Targeting
wetlands

Targeting
riverine
systems

Targeting a
specific species

Targeting
multiple species

Targeting multiple
ecosystems

Targeting
ecosystems and
species

Extracted main variables: Bank number & bank transactions linked to impacts
bank numbers

n = 1736 Number of approved banks post 1995, excluding ILF sites, divided into the 6 targets and assigned to one of 5
geographic regions (northeast; southeast; midwest; west; southwest)

Bank transactions linked to impacts

n = 12,756
n = 4331

Approved withdrawn transactions in RIBITS for the 1736 banks were linked to the:
(a) Transaction target (wetland, species, etc.)
(b) Impact size, offset size in acres (linear feet for streams), and credit amount/method
(c) Mitigation method (establishment, preservation, etc.)
(d) Date of the transaction
(e) Impact type to offset type

(a)
Mitigation targets: individual transactions listed in RIBITS, and their designated target; mitigation targets differ
from bank targets in that there is no distinction between multi-species, multi-ecosystem, and group
transactions as all are summed simply as group transactions.

Wetland (n = 10,628) Stream (n = 1647) Species (n = 151) Group (n = 330)

(b)

Gain:loss: size as measured in area (acres/linear feet) of the impacted area and area used to offset the impact,
converted into categories responding to meeting NNL as defined as a minimum of a 1:1 gain:loss ratio
(acknowledging that many regulatory agencies require higher ratios). The categories account for the inherent
variability and inaccuracy of measuring offsets.

Loss Partial NNL Gain

Gain:loss < 0.25:1 Gain:loss 0.25–0.9:1 Gain:loss >
0.9–1.25:1 Gain:loss > 1.25:1

Example: the re-establishment of 10 acres and negative impact on 10 acres results in a gain:loss ratio of 1:1,
corresponding to “NNL” for an area-based ratio.
Gain:loss ratios are used as an indicator for meeting NNL in terms of ratio equivalency.

(c) Mitigation methods: the method that is used to achieve said offset as defined in Section 404 of the Clean Water
Act.

n = 449
Establishment: the manipulation of the physical, chemical, or biological characteristics that are present in
order to develop a habitat area that did not previously exist. This establishment results in a gain in habitat
area and ecosystem function.

n = 2848
Re-establishment: the manipulation of the physical, chemical, or biological characteristics of a site with the
goal of returning natural/historic functions to a former habitat area. Re-establishment results in rebuilding a
former habitat area and results in a gain in habitat area and ecosystem functions.

n = 1242
Rehabilitation: the manipulation of the physical, chemical, or biological characteristics of a site with the goal
of repairing the natural/historic functions of a degraded habitat area. Rehabilitation results in a gain in
ecosystem function but does not result in a gain in habitat area.
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Table 1. Cont.

n = 3564

Enhancement: the manipulation of the physical, chemical, or biological characteristics of a habitat area to
heighten, intensify, or improve a specific ecosystem function(s). Enhancement results in the gain of selected
ecosystem function(s) but may also lead to a decline in other ecosystem function(s). Enhancement does not
result in a gain in habitat area.

n = 4671

Preservation: the removal of a threat to, or preventing the decline of, a habitat area and an ecosystem function
by an action in or near the areas. This term includes activities that are commonly associated with the
protection and maintenance of habitat areas and ecosystem functions through the implementation of
appropriate legal and physical mechanisms. Preservation does not result in a gain of habitat area.

(d) Recorded date: of each of the 12,756 transactions (year), ranging from 1995 to 31 December 2020.

(e)

Impact type to offset type: the individual transactions listed in RIBITS state their impact type (e.g., ‘ecosystem
function loss’ or ‘function and habitat area loss’) and offset type (i.e., preservation, enhancement, or
rehabilitation = ecosystem function gain; establishment or re-establishment = ecosystem function and habitat
area gain). The comparison of the impact type to offset type is used as an indicator for meeting ecological
equivalency.
Wetland (n = 3702) Stream (n = 501) Species (n = 37) Group (n = 91)

2.1. Key Variables
Compensatory Mitigation Methods for Banking

The term “mitigation method” describes the method that was used to meet the com-
pensatory mitigation goal. We identified five different methods: enhancement, establishment,
re-establishment, rehabilitation, and preservation (Table 1). Enhancement covers the manip-
ulation of the physical, chemical, or biological characteristics of a habitat area in order
to improve a specific ecosystem function (USACE 2008; Table 1). Establishment, in the
context of RIBITS and this study, means the creation of a habitat area that was previously
non-existent. Re-establishment has the same definition, except that it is meant to rebuild a
former habitat area. Both of these methods result in a gain in habitat area and ecosystem
function (Table 1; [17]). Rehabilitation aims at repairing the natural or historic function of a
degraded ecosystem, resulting in ecosystem function gain. Preservation is defined as threat
removal or the prevention of a decline in an ecosystem’s function or habitat area, while
also covering maintenance and management mechanisms (Table 1; [17]).

2.2. Gain:loss Ratios—Ratio Equivalency

The transactions (n = 12,756), which are linked to their recorded impacts and credits,
were converted into gain:loss ratios. The gain:loss ratios were calculated for a given mitigation
method (gain) in acre/linear feet as compared to the impact (loss). For example: the re-
establishment of 10 acres and a negative impact on 10 acres results in a gain:loss ratio
of 1:1. Ratios, representing the ratio equivalency between gain and loss, were assigned
to four categories corresponding to the attainment of NNL (assuming a minimum of a
1:1 gain:loss ratio under equivalent impact type to offset type), acknowledging that many
regulatory agencies require higher ratios. The categories are as follows: loss = gain:loss
< 0.25:1, partial = gain:loss 0.25–0.9:1, NNL = gain:loss > 0.9–1.25:1, and gain = gain:loss >
1.25:1; see Table 1). These ratio ranges account for the inherent variability and inaccuracy
of measuring offsets [22,34,35]. In this way, each transaction is associated with one of
the four NNL categories (loss, partial, NNL, or gain) as well as its mitigation target (wetland,
stream, species, or group) and mitigation method (preservation, enhancement, rehabilitation, re-
establishment, or establishment; see Table 1; [36]) allowing the comparison of the likelihood
that a transaction that is linked to a certain mitigation target or mitigation method meets NNL
in terms of its ratio equivalency.

2.3. Matching Impact Type to Offset Type—Ecological Equivalency

Ecological equivalency between impact and offset is an important aspect of the offsetting
process. In a concrete example, a compensation lake was constructed in the northern
boreal forest of Canada in order to replace lost habitat area and ecosystem function which
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stemmed from mining operations in the Alberta oil sands region [37]. This example shows
how an impact on a habitat area and ecosystem function requires an offset that provides
compensation for both of these aspects. The comparison of impact type to offset type, as
applied as an indicator for the ecological equivalency of a transaction, was investigated
by converting each impact of a transaction (if the information was available; n = 4331)
to the area and function loss (loss of habitat area and ecosystem function) or function loss
(degradation of ecosystem function but not area). The offset type of the transaction was
determined by assuming that preservation, enhancement, and rehabilitation lead to ecosystem
function gain (function gain) and that establishment and re-establishment lead to habitat area
and ecosystem function gain (area and function gain). Per our example from the oil sands
region, an offset that is enacted through large scale stream enhancement, though potentially
meeting ratio equivalency, would be deemed as not meeting ecological equivalency since it
does only add ecosystem function nor new habitat area, compared to the initial loss. An
appropriate match was labeled as a match (e.g., the function loss impact type matched with
the function gain offset type). A mismatch resulting in a loss (e.g., the area and function loss
impact type matched with the function gain offset type) was labeled as a mismatch. Finally,
a positive mismatch (e.g., the function loss impact type matched with the area and function
gain offset type) was labeled as overcompensate since it adds both ecosystem function and
habitat area value. This logic allows us to determine if the impact type matches the offset
type (e.g., a function loss impact type should be associated with a function gain offset type or
an area and function gain offset type) and how well the bank transactions are approaching
ecological equivalency. This is relevant as other studies indicate that NNL attainment that is
based on ratio equivalency and ecological equivalency is not always achieved [18,22]. Impact
and offset information were collected through a web scraping procedure that was based on
the transaction ID and keywords relating to mitigation methods and ecosystem function or
habitat area loss (rvest 1.0.2; [38]).

2.4. Preservation Targets

The benefits that are provided by different preservation target measures were investi-
gated by extracting detailed bank information from 64 banks that were operating mainly
through preservation. The benefits were assessed based on the main targets and goals
(n = 6) that are listed in reports for the individual banks (hydrogeomorphology—HGM physi-
cal/chemical, invasive species control—invasive species presence thresholds and removal,
habitat quality or breeding pairs/abundance—e.g., minimum breeding pairs for a species,
connectivity—habitat connectivity aspects, and vegetation—vegetation cover and presence
thresholds). The benefits that were provided through the attainment these preservation
targets received additional attention compared to the other mitigation methods that were
assessed since preservation is often associated with no additional ecosystem function or
habitat area gain in RIBITS, which does not adequately represent the value of preservation
for different mitigation targets [11,27,35].

2.5. Statistical Analysis

All of the statistical analyses were completed in R, version 4.1.0 (R-Core team 2020, [39])
and GitHub extensions. All of the graphs were created in R through corrplot, networkD3,
and lattice and post processed in Inkscape 1.1.2 (full list in Appendix A Figure A1).

2.6. Compensatory Mitigation Methods for Banking

In order to determine whether mitigation methods have changed in the popularity and
frequency of their application over the years, transactions for the five mitigation methods
(enhancement, establishment, re-establishment, rehabilitation, and preservation; n = 12,576)
were analyzed through a linear model that tested for the trends in each method’s utilization
frequency over time (the proportion of transactions for each method per total transaction
each year from 1995 to 2020). Significant increases or decreases in the proportions were
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identified through the use of an accepted alpha value of 0.05 and assessment using the
effect size as estimated by r-squared values (R2; Table A1; [40]).

2.7. Gain:loss Ratios—Ratio Equivalency

In order to elucidate if certain mitigation targets or mitigation methods were asso-
ciated with meeting or missing the NNL criteria, gain:loss ratios and their four related
categories (loss, partial, NNL, and gain) for each of the 12,756 transactions were analyzed
through Pearson’s chi-squared test of independence for frequency analyses for the gain:loss
categories across the mitigation targets (wetland, stream, species, and group; Table 1;
Table A2) and the assessed mitigation method (enhancement, establishment, re-establishment,
rehabilitation, and preservation; Table 1; Table A3) against an accepted alpha level of 0.05.
The results were plotted in a correlation plot, showing negative or positive correlations
between the gain:loss categories and specific mitigation targets and mitigation methods
based on residuals (corrplot 0.2-0). Significant correlations were tested for through post-hoc
tests with an accepted alpha level of 0.05 and using the Bonferroni correction (Tables A2
and A4; chisq.posthoc.test 0.1.2; [41]). In detail, the transaction numbers were plotted into
a Sankey diagram showing the transaction numbers per each mitigation target (wetland,
stream, species, and group). The mitigation methods for each target and the number
of transactions that were associated with the four gain:loss categories were also plotted
(networkD3 0.4; [42]). These Sankey diagrams, showing the flow from one set of values
to another, in our case allow a more in-depth look at how the mitigation method use and
gain:loss categories vary in terms of their transactions and NNL outcomes across different
mitigation targets, such as wetlands or species (networkD3 0.4; [42]).

2.8. Impact Type to Offset Type—Ecological Equivalency

Impact and offset type, corresponding to the three categories of match mismatch and
overcompensate, were analyzed through Pearson’s chi-squared test of independence for
frequency analyses. This manner of analysis was applied to the impact to offset type
categories across the mitigation targets (wetland, stream, species, and group; Table A4) with
an accepted alpha level of 0.05. The results were plotted in a correlation plot, showing
negative or positive correlations between the impact type and offset-type categories and
the specific mitigation targets based on residuals (corrplot 0.2-0). Significant correlations
were tested for through the use of post-hoc tests with an accepted alpha level of 0.05 and
the application of the Bonferroni correction (Table A4; chisq.posthoc.test 0.1.2; [40]). The
correlation plot and post-hoc analysis helped us to determine if the impact types were
generally matched with the appropriate offset types and, if not, whether these mismatches
were related to specific mitigation targets, such as wetlands or streams.

2.9. Preservation Targets

The identified preservation targets (n = 6), from the aforementioned 64 banks, were
plotted in a simple heat map across five regions (northeast, southeast, midwest, west, and
southwest) based on the frequency of the targets mentioned by the bank and region, with
multiple targets being possible per bank (lattice 0.20–45; [43]). This way we do not only
showcase the diverse targets that preservation efforts can aim at, but we are also able to
relate these findings to specific regions.

3. Results
3.1. Compensatory Mitigation Methods for Banking

We found that, over the past 25 years, the mitigation methods that were recorded in
the assessed transactions (n = 12,756) changed in their utilization frequencies (Figure 2a).
Enhancement and preservation measures’ usages did not change significantly over time,
with 16.2% (±5.2) of yearly transactions on average for enhancement and 29.4% (±11.3) for
preservation transactions (Figure 2a). Rehabilitation measures (14.6 ± 5.5% yearly average)
had a strong positive trend associated with them (R2 = 0.74; p-value < 0.001; Table A1),
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increasing from less than 5% in the 1990s to around 15 to 20% of all yearly transactions
in 2010 and onward (Figure 2a). Re-establishment (30.9 ± 7.8% yearly average) and estab-
lishment (8.9 ± 6.9% yearly average) transactions decreased in frequency over time. Yearly
establishment proportionate transactions decreased by around 6% between 1995 and 2020
(R2 = 0.37; p-value < 0.001; Table A1). Re-establishment proportionate transactions decreased
by around 10% over time (R2 = 0.25; p-value < 0.05; Table A2). Overall, re-establishment and
preservation were the predominant mitigation methods from 1995 to 2020, with rehabilitation
usage rapidly increasing over time and establishment and re-establishment usage decreasing.
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3.2. Gain:loss Ratios—Ratio Equivalency 
The gain:loss ratios differed across the mitigation targets (Figure 2b; chi-squared = 

419.02; df = 9; p-value < 0.001; Table A2). Transactions targeting wetlands (n = 10,628) using 

Figure 2. Used mitigation methods (a) in the extracted transactions (n = 12,756; enhancement, estab-
lishment, preservation, re-establishment, and rehabilitation) in the percentage of total transactions each
year ranging from 1995 to 2020 with linear model outputs, p-values, and r-squared values indicating
significant changes in method utilization over time (Table A1). Chi-squared tests of independence
(b) for mitigation target (wetland, stream, species, or group) and mitigation method (enhancement, estab-
lishment, preservation, re-establishment, or rehabilitation) (c) in relation to meeting NNL under a gain:loss
ratio of 1:1 for each transaction (n = 12,756; NNL categories = loss, partial, NNL, and gain). Positive
residuals indicate a positive correlation between two categories and circle size indicates residual
magnitude. Post-hoc analysis for chi-squared test based on standardized residuals with Bonfer-
roni correction indicating significance of positive or negative correlations, denoted by * (Tables A2
and A4). (Digital symbols attribution: Jason C. Fisher; Tracey Saxby; Emily Nastase; Jane Hawkey;
ian.umces.edu/media-library [29]).

3.2. Gain:loss Ratios—Ratio Equivalency

The gain:loss ratios differed across the mitigation targets (Figure 2b; chi-squared = 419.02;
df = 9; p-value < 0.001; Table A2). Transactions targeting wetlands (n = 10,628) using mainly
preservation, enhancement, and re-establishment (Figure 3a) were strongly associated with
NNL (; p-value < 0.001) and gain (p-value < 0.001; Figure 2b). Stream transactions (n = 1647),
mainly relying on rehabilitation, preservation, and enhancement (Figure 3b), were strongly
related to partial NNL (p-value < 0.001) and loss (p-value = 0.001; Figure 2b). Transactions
targeting species (n = 151), often relying on preservation (Figure 3c), were strongly associated
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with NNL (p-value < 0.001; Figure 2b). Half of the group transactions (n = 330) were linked
to preservation and enhancement (Figure 3d). Group transactions were positively related to
NNL (p-value < 0.05; Figure 2b).
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Figure 3. Sankey diagram showing distribution of extracted transactions (n = 12,756) across transac-
tion targets type (wetland, stream, species, and group), mitigation method (enhancement, establishment,
preservation, re-establishment, and rehabilitation) and transactions leading to one of four NNL/ratio
equivalency outcomes based on gain:loss ratios (loss: <0.2:1, partial: 0.2 to 0.9:1, NNL: >0.9 to 1.25:1,
and gain: >1.25:1). Green flows indicate meeting or exceeding NNL gain:loss ratios while red flows
indicate not meeting ratio equivalency requirements (detailed results table in Table A5). (Digital
symbols attribution: Jason C. Fisher; Tracey Saxby; Emily Nastase; Jane Hawkey; [29]).

The results of the chi-squared tests for the mitigation methods showed that the gain:loss
ratios differed between the methods (Figure 2c; chi-squared = 5234.5; df = 12; p-value <
0.001; Table A3). Transactions that were linked to preservation (n = 4671; Figure 3) were the
most likely to lead to gain (p-value < 0.001; Figure 2c). Enhancement (n = 3564; Figure 3)
was associated with NNL (p-value < 0.001) and partial NNL (p-value < 0.001; Figure 2c)
and so was re-establishment (n = 2848; NNL; p-value < 0.001; partial NNL; p-value < 0.001;
Figure 2c). Rehabilitation (n = 1242; Figure 3) and establishment (n = 449; Figure 3) were likely
to lead to loss (rehabilitation and establishment; p-value < 0.001; Figure 2c) and rehabilitation
was linked to partial NNL (p-value < 0.001). Overall, preservation was the most utilized
mitigation method for the four mitigation targets, followed by enhancement, re-establishment,
and rehabilitation. Wetland transactions and the utilization of preservation were the most
likely to lead to gain while stream transactions were most likely to only meet partial NNL
in terms of their gain:loss ratios. Enhancement and re-establishment were likely to meet the
partial or NNL criteria. Species and group transactions mostly led to NNL. Rehabilitation and
establishment had the highest likelihood of leading to loss in terms of their gain:loss ratios.
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3.3. Matching Impact Type to Offset Type—Ecological Equivalency

Investigating the matches of the impact type to offset type through chi-squared tests
of 4331 transactions (Figure 4b; chi-squared = 98.005; df = 6; p-value < 0.001; Table A4)
revealed that wetland transactions (n = 3702) were matching their impact type to offset type
the most often (79.5%; p-value < 0.001; Figure 4b) with mismatches (23.9%) being mostly
attributed to preservation not meeting habitat area and ecosystem function loss. Stream
transactions (n = 501) were the most likely to mismatch their impact type and offset type (25.6%;
p-value < 0.001) or overcompensate (10.0%; p-value < 0.001; Figure 4b), with mismatches being
linked to rehabilitation (47.7%). Species transactions (n = 37) were not significantly related
to any match type but were identified mostly as matches (78.4%) and mismatches (18.9%),
with the latter categorization being associated with preservation (57.1%). Group transactions
(n = 91) were strongly associated with overcompensation (11.0%) between impact type and
offset type (p-value < 0.05; Figure 4b). Cases of mismatch in group transactions were, in 55.6%
of the cases, due to utilizing enhancement for habitat area and ecosystem function loss.
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Figure 4. Heat map of 64 analyzed banks (a) utilizing preservation and its main associated targets
(breeding pairs/species abundance, habitat connectivity, invasive species control, habitat quality
hydrogeomorphology, and vegetation) across the five main geographic regions (northeast, southeast,
midwest, southwest, and west). (b) Chi-squared test of independence for frequency table analyses.
Categorical variables are composed out of mitigation target (wetland, stream, species, or group) and
impact type to offset type category (match, mismatch, or overcompensate). Positive residuals indicate
a positive correlation between two categories and the magnitude. Post-hoc analysis for significant
correlations for chi-squared tests based on standardized residuals with Bonferroni corrections of
positive or negative correlations are indicated by * (Table A4). (Digital symbols attribution: Jason C.
Fisher; Tracey Saxby; Emily Nastase; Jane Hawkey; [29]).

3.4. Preservation Targets

The heat plot (Figure 4a) shows that, overall, hydrogeomorphology (physical and chem-
ical; n = 48 mentions) and parameters relating to vegetation (n = 44 mentions) were the
most common targets for banks, using a high frequency of preservation. These targets
were mostly associated with banks in the midwest, southeast, and northeast. Invasive
species control was mainly associated with banks in the southeast (n = 8 mentions) and west
(n = 11 mentions) as well as species abundance and minimum amounts for breeding pairs
(southeast, n = 4 mentions; west, n = 6 mentions). Connectivity aspects were only mentioned
in the transactions of banks in the southeast (n = 3 mentions) and west (n = 4 mentions) and
habitat quality was mostly just mentioned in the west (n = 7 mentions). Overall, hydrogeo-
morphology and vegetation aspects were the predominant targets for preservation-focused
banks, while the preservation-focused banks displayed a wide array of different targets
that are distributed across the five geographic regions.
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4. Discussion

The usage frequencies of the mitigation methods on a yearly basis have changed over
time. Rehabilitation’s usage has increased from 1995 to 2020; whereas the same time period
has seen a decrease in establishment and re-establishment. Preservation and re-establishment
were the overall most popular mitigation methods. The gain:loss ratios indicate the attainment
of NNL on a ratio basis for most of the transactions with wetland targets. Stream targets led
to partial NNL and loss. Species and group targets led to NNL on a ratio basis. Preservation
as a mitigation method was associated with ratio gains while enhancement and re-establishment
were likely to meet NNL. Rehabilitation and establishment most often lead to partial NNL or
loss. Wetlands matched the impact type to the offset type well but showed a high likelihood of
misusing preservation. Stream transactions tended to mismatch or overcompensate, with reha-
bilitation often not matching impact types. Group transactions overcompensated impact type
to offset type, while species transactions generally led to a match. Investigating our findings
requires looking at different aspects of banking, ecosystem availability, and banking history
as well as the economic and ecological feasibility of the mitigation methods and mitigation
targets.

4.1. How Likely Is a Ratio and Ecological Equivalency across Mitigation Targets and
Mitigation Methods?
4.1.1. Wetland Targets

Wetlands, as part of bank transactions, were the most common mitigation targets and
they were associated with a high frequency of preservation, re-establishment, and enhancement
in order to provide ecosystem function or habitat area. Re-establishing wetlands in the United
States has a long-standing history and well-established guidelines, which are supported
by historic records on habitat area and ecosystem function [44–46]. Re-establishment, while
decreasing in popularity over time, is still one of the most effective and widely applied
mitigation methods. Though time-consuming, costly, and labor-intensive, re-establishment
is more likely to achieve the goal of ecological equivalency, compared to other methods,
by considering aspects such as connectivity, water quality, flow rates, food supply, and
the development of spawning, nursery, and rearing habitats’ availability [45,46]. An
example is the wetland re-establishment in the Sacramento–San Joaquin Delta in California,
which is showing tangible results for long-term colonization and wetland progression [47].
Re-establishment, providing habitat area and ecosystem function, is the main reason for
wetlands matching impact types to offset types well by re-establishing historic wetlands. This
trend is encouraging as it shows that ecological equivalency will likely be met in addition to
meeting ratio equivalency.

Preservation was the main cause for mismatches of impact type and offset type in wetland
transactions. This ecological mismatch is concerning. The United States has lost large
proportions of its wetlands in the past, thus incorporating banks into increased efforts to
preserve the remaining ones [45,46]. This fact has likely led to the high usage of preservation
by banks. From an economic standpoint, preservation seems appealing due to the lower
monetary and temporal investments that are required in order to maintain an existing
ecosystem. Furthermore, banking is often targeted at current or former farmland or de-
graded areas that are adjacent to ecologically important areas, such as wetlands, which may
explain an increased interest in preserving adjacent systems while converting degraded
developed land back into viable ecosystems [48,49]. Studies suggest that, in the case of
banking, inefficient long-term management can reduce diversity in mitigation methods [25].
In a chosen example case study that was extracted from RIBITS, bank management and
funding changed over time in a wetland bank in Virginia. The bank area was conse-
quently reduced by 50% and the amount of initially designated area for re-establishment
and rehabilitation was reduced while keeping the preservation area almost constant. These
often-occurring changes and shifts showcase how non-compliance, unrealistic goals, and
management shortcomings can reduce the utilization of certain mitigation methods, partially
explaining the consistent popularity of preservation measures [25]. While our results show a
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multitude of potential benefits being provided through preservation, many of them are not
sufficiently supported by scientific evidence in order to be able to be said to meet ecological
equivalency [21,23]. Basic maintenance measures, such as plant cover or the reduction of
the number of non-native species, are often poor measures of the overall habitat quality
and are often deemed too lenient with some essential ecosystem types, such as dry end
wetlands which are prone to being overlooked almost completely [25,26,30].

Overall, wetland banking provides high gain:loss ratios due to the common use of
preservation, a method that is supported by other studies [50], and it matches impact type
to offset type well, especially through the utilization of re-establishment and enhancement.
However, a quarter of the assessed transactions inadequately matched impact type to offset
type, hence missing ecological equivalency, due to the use of preservation. While preservation
fills an important role in protecting existing wetlands in the United States, its role in habitat
banking should be revised in order to better match the impact type to the offset type and
bridge the gap between ratio equivalency and ecological equivalency [21,23,25,26,30].

4.1.2. Stream Targets

Stream targets often only reached partial NNL through their gain:loss ratios, as well as
mismatching the habitat area and ecosystem function losses with just ecosystem function
gain through riverine rehabilitation, missing ecological equivalency (an observation which is
supported by other studies focusing on streams in the United States) [51]. Compensatory
mitigation for streams is a difficult target to approach in proponent-led offsets and it seems
that habitat banking is suffering from similar issues [52,53]. The literature suggests that
three main problems persist for effectively offsetting stream impacts: habitat availability,
the use of improper offsetting techniques, and the underestimation of development’s
impacts [51–53].

Habitat availability for re-establishing or establishing streams is sparse. Stream construc-
tion (establishment) often needs to be incorporated into larger projects or landscape-level
planning. The same applies to re-establishment, which in most cases is a large-scale and
expensive project, potentially suited for umbrella banks but not feasible for or available
to most private banks [54]. Overcompensation, as shown in our results for streams, can
be attributed to these large projects exceeding the impacts both on a ratio as well as an
ecological level. Enhancement or rehabilitation is the most logical choice when it comes to
streams, especially in considering small, degraded, farmland-adjacent streams or habitat
area loss in urban streams for which the area for physical habitat creation is simply not
available [53,55,56]. This disjoint relationship between losing stream habitat area and offset-
ting it through function gains will ultimately lead to a consistent loss in stream habitat area.
Underestimated development impacts and improper offsetting techniques make it even
harder to provide accurate estimates of impact and offset quantities, but this can be im-
proved through the use of more comprehensive assessment and mitigation methods, such
as the Index of Biotic Integrity (IBI; [52–54,57]). Considering that many stream transactions
do not meet ecological and ratio equivalency, the increased number of permit authorizations
involving stream habitat areas and ecosystem functions and an increase in rehabilitation’s
usage as the main mitigation method for stream impacts underlines the need to rework the
current approach in order to compensate for losing physical stream habitat area [57,58].

4.1.3. Group and Species Targets

Overall, preservation was popular for group and species targets, with both of these
targets generally meeting ratio equivalency as well as ecological equivalency and with group
targets often overcompensating through establishment and re-establishment. Preservation’s
popularity for both of these mitigation targets can be attributed to species and group targets
often being associated with conservation banks. Conservation banks aim to permanently
protect and manage sites for endangered species, threatened species, or species that are at
risk. The aim is to offset the adverse impacts to the protected species that are occurring
off-site. Benefits for (endangered) species, for example, can be the preservation of corridors
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linking two habitat patches or protecting wintering habitats [30]. Species that are not
able to exist in modern, transformed, semi-natural, and cultural landscapes will require
larger and more complex efforts that are currently not achievable by individual banks but
instead must be targeted through umbrella banks [59]. An example here can be seen in pilot
transboundary projects, such as the restoration agreement between the United States and
the Dominican Republic for protecting overwintering habitats for migratory birds abroad,
benefiting US bird populations [60]. Overall, preserving already existing habitat is perhaps
one of the only feasible methods for banking in some cases and for many endangered and
threatened species. However, mismatches of meeting ecological equivalency for species
often took place due to preservation not providing any additional habitat area. On a species
level, re-establishment tends to be more difficult, but it still often yields successful results, for
instance in the case of the San Martin titi monkey in private conservation areas (Plecturocebus
oenanthe; [61]) or the endangered aquatic plant communities in the Czech Republic [62].
These examples and our results showcase the opportunity that re-establishment affords in
providing vital habitat for endangered species. Overarching management bodies, such
as umbrella banks, could help to facilitate the greater utilization of re-establishment for
endangered species, as simple habitat preservation will likely not be enough to slow the
current loss of biodiversity [32,62,63].

Group targets often led to ratio-based NNL as well as the overcompensating impact type
to offset type relationship, which introduces increased additivity, which is another important
aspect for current and future banking practice. While many banks combine different
mitigation methods in their bank areas (e.g., bank area = 10 acres comprising 20% rehabilitation,
70% preservation, and 10% enhancement), multiple mitigation targets tend to create positive
feedback loops between different ecosystems or a species and an ecosystem [64,65]. Group
targets furthermore make use of the identification of the priority areas for both ecosystem
function and biodiversity [65–67]. Mismatches due to enhancement measures show that a
few specifically enhanced ecosystem aspects are often not enough when aiming at multiple
species or ecosystems with the risk of enhancement in one area being detrimental in another
area [32,68,69]. Group transactions still only comprise a small proportion of the overall
number of bank transactions, but they hold the potential to provide valuable guidance on
how to reach better ecological equivalency for other mitigation targets.

4.2. Implications and Limitations
4.2.1. Policy and Management Implications

Our results and discussion points hold policy and management implications that
could help banks to meet NNL in banking credit transactions (Figure 5a). Our results
show how NNL as a declared goal is often not met when aiming for ecological equivalency
as shown in other studies [22,23,70–72]. Our results clearly point towards the regulatory
focus on meeting administrative, financial, or area-based ratios and using habitat enhance-
ment, rehabilitation, and preservation over habitat creation through re-establishment or
establishment [71,73,74].

In its easiest form, a loss of one acre of wetland through road construction should be
offset through the construction of an acre of wetland close by, initiated by a bank (like for
like; [23,75]). However, habitat or ecosystem creation from scratch remains a very difficult
and expensive task, which can lead to a potential negative feedback loop (Figure 5b; [76]).
Costs, unclear cost to benefit ratios for bankers, and the higher rate of failure increase the
perceived risk and lessen the perceived feasibility of habitat creation, which in turn can
lead to favoritism among regulators and bankers for using alternative methods, such as
enhancement and rehabilitation, as these practices having been studied for decades with
well documented gains and benefits in comparison to habitat creation (Figure 5b; [77,78]).
Furthermore, bankers are often left with insufficient guidance and base ecosystem metrics
that do not adequately capture a holistic approach in offsetting negative impacts, further
increasing the negative feedback towards habitat creation (Figure 5b; [22,72,74,79]). Finally,
habitat availability plays into the negative feedback loop since a lot of private landowners
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and bankers do not have the physical space available to create habitat, but rather they own
degraded habitat, which in turn is often used for credit generation through rehabilitation
and enhancement as well as preserving adjacent pristine areas (Figure 5b; [35,77,79,80]).

Breaking this negative feedback loop requires the incentivization of habitat creation
while providing better best practice guidance and scientific knowledge regarding its imple-
mentation. Increased transparency of the cost and benefits as well as comparisons among
bankers could further reduce their perceived investment risk. Accessible and listed credit
cost to benefit ratios would be a first step, as has been shown, for instance, for California
in a recent study which could help to increase confidence through reduced perceived in-
vestment risks for sponsors and bankers [35,80,81]. Aside from incentivization, an increase
in habitat creation requirements quotas as part of the approved banking instrument, in
cases that allow habitat creation, could increase the physical habitat area that is added
through banking and help to reduce the future risk of bank transactions leading to net loss
(Figure 5a). Quotas and credit requirements already exist, for instance in the case of preser-
vation credits, and they could be expanded into establishment and re-establishment credits
(Figure 5a; [82]). The true challenge will be to advance the restoration practices and science
towards re-establishing essential habitat while fostering transboundary collaboration and
agreements in order to be able to include migratory or long-range species into the banking
network [83,84].
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RIBITS are indicated. (a) Negative feedback loop for habitat creation through establishment or
re-establishment, showcasing aspects leading to the overuse of alternative offset methods. Investment
aspects in blue, best practice aspects in green. (b) Figure content based on presented study results
and supported through [22,23,35,70–72,74–76,79,81,82].

Overall, our results point to the fact that ecological considerations need to be strength-
ened in banks’ planning, approval, and implementation processes while backed by an
already strong regulatory and legislative framework [23,73,79]. Policies and guidance
documents however have not been updated and adjusted accordingly. Other instances
show how memorandums, e.g., for the Endangered Species Act, were withdrawn recently.
While changes are happening on a state level, like our example from California shows,
other cases, such as the one of the greater sage-grouse, show how easy it is to let com-
peting stakeholder and political interests override safeguards; this is a situation which
is only compensated for by NGOs and private investors [85,86]. Results from this study
and the many other studies evaluating banking practices [18,22,35,70,71,80,87] need to be
considered for implementation into updated policies and guidance documents in order to
strengthen the ecological benchmarks and requirements for banking practices in the United
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States. An updated uniform guidance document, incorporating the collected data since the
last memorandum, could shift banking practices into a more sustainable and ecological
equivalent direction.

4.2.2. Study and Data Limitations and Future Directions

Aside from the management and policy implications for banking practices, our results
showcase the inherent data and, consequently, study limitations that potentially limit the
ability to assess the true effectiveness of bank transactions approaching NNL (Figure 5a;
Figure A1). The biggest current limitation is the lack of readily available information on
impact and offset types, as well as their quantities. Only around 15% of our extracted
transactions had impact and offset sizes listed and only for around 6% did we managed to
acquire information on the impact and offset type in terms of ecological function.

This data limitation needs to be addressed in the future in order for regulators, bankers,
and scientists to be able to evaluate current practices. Banking should follow the adaptive
management principle through constant assessment, evaluation, and adaption in order
to improve NNL goals [7,20,25,74,75,85]. This is a process which becomes inherently
difficult with the aforementioned data limitations. As a centralized database, RIBITS has
taken the first step to allowing large scale data collection and evaluation. However, future
database changes and reporting requirements should include the listing of impact and offset
quantities per credit transaction, impact, and offset type per credit transaction and, ideally,
the credit prices and impact and credit assessment methods. While some of the banks have
stated that this information is listed in individual uploaded reports and documents, it takes
an incredible amount of web scraping and manual extraction effort through R to compile
these, while still missing most transactions as mentioned before.

Assessment methods and credit prices are two of the unevaluated aspects that are in
this study that should be deemed of interest for future studies. Our assessment methods for
the provided bank benefits and credit generation, such as the popular ratio method, might
miss important ecosystem aspects, while the use of multipliers often tends to limit the
effectiveness of assessments in capturing true functions and can lead to false assumptions
of equivalency [27]. Credit prices in relation to impacts, offset methods, and the ecosystem
could be used in order to evaluate cost benefit ratios and provide bankers with a better
idea of their investment opportunities and reduce their uncertainty and the perceived
investment risks, this has been done thus far done for conservation but not mitigation
banks [80,88]. Overall, both of these suggested future studies aspects hold great potential to
add to the best practice for and knowledge of how to meet NNL goals in bank transactions
and banking practices.

Another future challenge regarding the offsetting framework and, consequently, the
banking mechanism involves the issue of how to incorporate climate change into current
and future requirements. Discussions about making climate change impacts an offsetting
requirement are ongoing and this seems likely to be implemented at some point [89,90].
The offsets that are provided by banks are meant to be long-term, ideally in perpetuity,
and climate change will have a significant effect on the provided benefits, especially when
considering temperature-sensitive species or systems. Bank offsets of the future will need
to consider climate refugia, both in terms of the physical offset form as well as the location,
more strongly [91,92].

5. Conclusions

Our study shows that ratio equivalency is achieved in most bank transactions in the
United States; whereas there was a clear struggle to achieve ecological equivalency, which
is in line with the findings of other studies [21,23,32,50]. The main reasons for mismatches
were the high usage of preservation in wetland transactions and rehabilitation in stream
transactions. While rehabilitation has increased in its usage frequency over the past 25 years,
its potential for ecological equivalency seems limited in the context of stream impacts,
which often lead to the loss of habitat area. Mismatches are potentially due to improper
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offsets, low area availability, prohibitive costs, and official guidelines focusing on area
ratios rather than ecological equivalency [51–53]. Preservation is often overused in wetland
transactions so much so that, despite greatly exceeding ratio equivalency, these efforts do
not meet ecological equivalency in one quarter of all of the assessed wetland transactions.
Habitat creation needs to be incentivized in polices and banking instrument requirements
as well as through increased transparency for current and future bankers in order to reduce
investment risks [80–82,85,88]. While we have showcased the wide array of potential
preservation benefits, preservation should not be used as a panacea since it does not meet
the requirements for additionality and ecological equivalency. The use of re-establishment for
wetlands showed a high frequency of meeting ratio and ecological equivalency, which is an
encouraging finding. Preservation plays an important role for conservation banks and it
contributes to their role to protect habitats for endangered species, which showed even
higher rates of ecological and ratio equivalency when they were part of group transactions
targeting multiple species or ecosystems. This outcome is mostly attributed to adaptive
management and positive feedback loops [64,65]. Data limitations and reporting deficits in
RIBITS need to be addressed by providing more comprehensive information on the impact
and offset types, metrics, and characteristics in order to allow better evaluation of whether
transactions meet NNL goals.
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Appendix A. Chi-Squared Comparison

Mitigation Methods across Time

Appendix A includes the results for chi-squared tests of independence for the fre-
quency table analyses for bank types across regions, ratio-based NNL across mitiga-
tion method and mitigation target, and impact type to offset type across mitigation targets
(Tables A2–A4). Table A1 contains the linear model output and effect size for the mitigation
methods and their proportionate yearly use between 1995 and 2020. Finally, the support-
ing information provides a flowchart overview of the used data and transaction details
(Figure A1) and additional results (Table A5). All of the supporting information is available
online. The authors are solely responsible for the content and functionality of these materi-
als. Queries (other than those regarding the absence of the material) should be directed to
the corresponding author.

https://ian.umces.edu/media-library/
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Table A1. Linear model and associated p-values for the six mitigation methods and transactions per
method (establishment, preservation, rehabilitation, re-establishment, and enhancement) over time,
in years, from 1995 to 2020.

Linear model, establishment
transactions over time (R2: 0.37) Estimate Std. Error t-value Pr (>|t|)

(Intercept) 1154.178 290.673 3.971 <0.001
Year −0.570 0.144 −3.940 <0.001

Linear model, preservation
transactions over time (R2: 0.03) Estimate Std. Error t-value Pr (>|t|)

(Intercept) −742.578 585.502 −1.268 0.217
Year 0.384 0.291 1.318 0.200

Linear model, rehabilitation
transactions over time (R2: 0.74) Estimate Std. Error t-value Pr (>|t|)

(Intercept) −1.222 × 103 1.512 × 102 −8.079 <0.001
Year 6.160 × 10−1 7.534 × 10−2 8.176 <0.001

Linear model, re-establishment
transactions over time (R2: 0.25) Estimate Std. Error t-value Pr (>|t|)

(Intercept) 1123.837 353.778 3.177 <0.05
Year −0.544 0.176 −3.089 <0.05

Linear model, enhancement
transactions over time (R2: 0.01) Estimate Std. Error t-value Pr (>|t|)

(Intercept) −213.475 274.658 −0.777 0.445
Year 0.114 0.136 0.836 0.411

Appendix B. Chi-Squared Comparison of Mitigation Target to NNL and Mitigation
Measure to NNL

The following details the chi-squared test of independence for the frequency table
analyses. The categorical variables comprise the mitigation target (wetland, stream, species,
or group) and NNL category (loss, partial, NNL, or gain). Positive residuals indicate a
positive correlation between two categories and the magnitude of this correlation (e.g.,
−4.417 for wetland and partial NNL means that wetland transactions are not associated
with partial NNL). Post-hoc analysis using a chi-squared test, based on standardized
residuals with Bonferroni correction, have been used to indicate the significance of positive
or negative correlations.

Table A2. Pearson’s chi-squared test for mitigation target.

Residuals Wetland Stream Species Group

Loss −3.317 8.967 −1.334 −0.307
Partial −4.417 12.533 −0.169 −2.817
NNL 0.966 −4.235 1.728 2.810
Gain 4.015 −9.701 −1.008 −0.428

p-values Wetland Stream Species Group

Loss <0.001 0.001 1.000 1.000
Partial <0.001 <0.001 1.000 0.02
NNL 0.05 <0.001 0.049 0.006
Gain <0.001 <0.001 1.000 1.000

X-squared = 419.02; df = 9; p-value < 2.2 × 10−16.

The following details the chi-squared test of independence for the frequency table
analyses. The categorical variables comprise the mitigation method (establishment, preser-
vation, rehabilitation, re-establishment, and enhancement). Positive residuals indicate a
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positive correlation between two categories and the magnitude of this correlation (e.g.,
−15.310 for preservation and partial NNL means that preservation transactions are not as-
sociated with partial NNL). Post-hoc analysis using chi-squared test, based on standardized
residuals with Bonferroni correction, indicate the positive or negative correlations.

Table A3. Pearson’s chi-squared test for mitigation method.

Residuals Preservation Enhancement Rehabilitation Re-estab. Establish.

Loss −1.145 −6.694 8.556 1.544 4.434
Partial −23.975 11.694 16.032 6.083 2.398
NNL −22.621 23.465 −3.821 5.247 −0.01
Gain 42.304 −29.910 −12.720 −10.790 −3.849

p-values Preservation Enhancement Rehabilitation Re-estab. Establish.

Loss 1.000 <0.001 <0.001 1.000 <0.001
Partial <0.001 <0.001 <0.001 <0.001 0.111
NNL <0.001 <0.001 <0.001 <0.001 1.000
Gain <0.001 <0.001 <0.001 <0.001 <0.001

X-squared = 5234.5; df = 12; p-value < 2.2 × 10−16.

The following details the chi-squared test of independence for the frequency table
analyses. The categorical variables comprised the mitigation target (wetland, stream,
species, and group) and NNL category (match—impact type matches offset type; miss—
impact type = area and function loss through habitat loss, offset type = function gain
through preservation, enhancement, rehabilitation or buffer but with no new area gain; or
overcompensate—impact type = function loss through degradation, offset type = function
and area gain through establishment or re-establishment). Positive residuals indicate a
positive correlation between two categories and the magnitude of this correlation (e.g.,
−2.668 for wetland and miss means that wetland credit transactions are not associated
with mismatching impact and offset type). Post-hoc analysis of chi-squared tests, based
on standardized residuals with Bonferroni correction, revealed the positive or negative
correlations.

Table A4. Pearson’s chi-squared test for impact to offset type match or mismatch.

Residuals Wetland Stream Species Group

Miss −1.120 3.816 0.093 −1.869
Match 1.214 −3.374 0.042 0.147
Overcompensate −2.971 6.749 −0.387 3.359

p-values Wetland Stream Species Group

Miss 0.0138 <0.001 1.000 0.039
Match <0.001 <0.001 1.000 1.000
Overcompensate <0.001 <0.001 1.000 0.006

X-squared = 98.005; df = 6; p-value < 2.2 × 10−16.
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Table A5. Detailed gain:loss ratios for wetland, stream, group, and species transactions in reference
to Figure 4.

n = 10,628

Wetland Preservation Enhancement Rehabilitation Reestablishment Establishment

Loss 234 44 121 190 45 634

Partial 178 996 190 726 86 2176

NNL 498 1932 176 1085 125 3816

Gain 3085 126 73 620 98 4002

3995 3098 560 2621 354
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Table A5. Cont.

n = 1647

Stream Preservation Enhancement Rehabilitation Reestablishment Establishment

Loss 55 87 37 21 7 207

Partial 64 126 336 56 30 612

NNL 108 94 174 82 22 480

Gain 193 32 98 23 2 348

420 339 645 182 61

n = 330

Group Preservation Enhancement Rehabilitation Reestablishment Establishment

Loss 7 6 5 1 2 21

Partial 19 13 8 5 5 50

NNL 84 37 13 7 6 147

Gain 56 33 3 12 8 112

166 89 29 25 21

n = 151

Species Preservation Enhancement Rehabilitation Reestablishment Establishment

Loss 0 2 0 3 1 6

Partial 13 3 6 6 5 33

NNL 45 10 4 2 5 66

Gain 32 5 2 5 2 46

90 20 12 16 13
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