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Environmental policies that require native vegetation conservation can be challenging to implement, especially
in productive agricultural landscapes. In Brazil, the Brazilian Native Vegetation Protection Law mandates ‘Legal
Reserves’, protected native vegetation that landowners must retain on their properties. If landowners do not have
the required minimum amount of native vegetation on their properties (the Legal Reserve ‘target’), they must
either restore vegetation on the same property to meet the target, or compensate by protecting existing vege-
tation or restoring it on another property, ideally in ecologically equivalent areas. Here, we evaluate how
different strategies (on-site/off-site protection and/or restoration), and different requirements for ecological
equivalence when off-site strategies are used, affect the ability to achieve Legal Reserve targets, while minimising
the need to restore native vegetation on productive farmland. We used a novel iterative tool to build scenarios
that reflect different combinations of strategies to meet the minimum conservation target under different re-
quirements for ecological equivalence, and compared their ability to achieve the target and their likely cost. The
Atlantic Forest was the only biome where it was not possible to achieve the Legal Reserve target by protection of
existing native vegetation, even when ecological equivalence rules were relaxed. As a consequence, vegetation
restoration is required in this biome. Directing this required restoration to pasturelands that are less-suitable for
agriculture allowed the target to be achieved in all states of Brazil, as long as only minimal ecological equiva-
lence was required; however, for most states, the need to restore native vegetation on productive areas on
farmlands could still be avoided while requiring medium to high ecological equivalence. These findings show the
potential for moderate ecological equivalence to be achieved across most of Brazil in a cost-effective way and
without impairing productive lands when seeking to meet the Legal Reserve targets.

1. Introduction

Effective environmental policy is essential to minimise the impacts of
land-use and climate change on biodiversity, ecosystem services and
human well-being (Bull and Strange, 2018; Sterner et al., 2019). How-
ever, implementing such policy can be challenging, as it is not an easy
task to balance reduction in environmental losses while ensuring
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economic and social development. This policy needs thus to achieve
desired environmental outcomes at low socio-economic costs, consid-
ering market and political forces (Sterner et al., 2019; Strassburg et al.,
2019). Climate change, atmospheric pollution, land-use, and water
policies have faced similar challenges worldwide in their implementa-
tion, which could be made even more difficult by the lack of an inter-
disciplinary approach, multi-level governance and involvement of the
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private sector (Vandenbergh and Gilligan, 2017; Yao et al., 2017; Fang
et al., 2019; Gallagher et al., 2019; Kanter et al., 2020; Salvia et al.,
2021; Sehn and Blesl, 2021). Therefore, besides the policies enforce-
ment, dialogue and negotiation among the sectors involved in the
environmental policy implementation is critical, and solutions must be
politically, economically, and socially feasible.

The implementation of environmental policies can be especially
fraught in agricultural landscapes. Retaining and in some cases
increasing natural vegetation cover is necessary in these landscapes to
protect or recover species, ecosystems and their associated essential
services such as maintaining quality of water supplies, crop pollination,
and natural pest control (Boesing et al., 2017; Jenkins et al., 2010; Mello
et al., 2018; Metzger et al., 2019; Saturni et al., 2016), but this reduces
the area available for agriculture. Such conflicts present a challenge for
the design of effective and plausible environmental policy.

In Brazil, the Native Vegetation Protection Law (2012) (formerly, the
Forest Act (1965)) aims to achieve the protection of native vegetation in
private rural lands for the benefit of biodiversity, natural resources and
ecosystem service provision (Brasil, 2012). This law governs approxi-
mately 53 % of remaining native vegetation in Brazil that occurs in
private lands (Brancalion et al., 2016). It requires the establishment of
Permanent Preservation Areas (mainly riparian zones) and Legal Re-
serves. Legal Reserves are required to cover a fixed proportion of the
rural property by area (the “target”) and must maintain native vegeta-
tion cover (Sparovek et al., 2015). The target to be achieved by the Legal
Reserve protection varies depending on the biome and region, ranging
from 20 % to 80 %. If landowners do not have this amount of native
vegetation, they can achieve compliance by restoring or regenerating
the vegetation on their property, or by protecting or restoring it in
another rural property.

Although Legal Reserves currently protect 29 % of the country’s
native vegetation (Metzger et al., 2019; Strassburg et al., 2019), there is
still a deficit in the area that needs to be restored or compensated to meet
the requirements of the law of more than 11 million ha (Freitas et al.,
2017). Full implementation of the Native Vegetation Protection Law
thus represents an opportunity to protect and restore many more areas
of important native vegetation. However, seven years after the last
revision of the Native Vegetation Protection Law, there is still a lot of
uncertainty regarding the specific requirements of Legal Reserves
(Tavares et al.,, 2019). A major area of contention relates to the
requirement that Legal Reserve compensation sites should be ‘ecologi-
cally equivalent’ to the vegetation cleared/lost from the property for
which the compensation deficit arises. This requirement was supported
by a decision of the Supreme Federal Court in 2018, but ‘ecological
equivalence’ remains undefined in the legislation, i.e., there is no defi-
nition of the degree of ecological equivalence and how to measure it.

The Native Vegetation Protection Law is not an offset policy, but
rather, a target-based policy, which defines a fixed amount of native
vegetation protection in the private lands. Thus, the definition of
ecological equivalence requirement for Legal Reserve compensation is
important, because stricter equivalency requirements, commonly
adopted by offset policies (“like-for-like” trades) may restrict options of
available areas for compensation (Habib et al., 2013). This might mean
that compensation needs to be located on more expensive and produc-
tive agricultural land. A key gap in our knowledge is whether the Legal
Reserve target can indeed be met without substantially compromising
productive agricultural lands, and how specific policy settings might
enable or impede this. There is an urgent need in Brazil for compelling
evidence to guide policy implementation, showing that feasible solu-
tions exist, thus reducing uncertainties at the national scale (Molin et al.,
2018; Strassburg et al., 2019).

Here, we evaluate how different strategies for meeting the Legal
Reserve target, and different requirements for ecological equivalence
between the property with native vegetation deficit and the compen-
sation site, affect the ability to achieve the Legal Reserves target while
minimising the need to restore native vegetation on productive
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farmland. To do this, we compare what land would be required to meet
the target under strategies including on-site and off-site restoration, and
off-site vegetation protection, and with different requirements of
ecological similarity of off-site vegetation protected or restored to meet
the property’s target. We used a novel iterative tool to produce scenarios
that combine the different strategies and degrees of ecological equiva-
lence in each of the 27 states in Brazil within the different biomes
(Fig. 1).

2. Material and methods
2.1. Legal reserve target

The Legal Reserve target considered in this study is the total amount
of protected native vegetation in private lands required by the law. The
amount of protected native vegetation that each property is required to
have varies among regions: 50-80% in forested areas of the Legal
Amazon, 35 % in the Cerrado Biome in the Legal Amazon region, 30 % in
the Cerrado Biome in the State of Piaui, and 20 % in all other non-
Amazonian regions. If a property does not already have enough vege-
tation to meet the target, this represents a deficit that must be overcome
by either restoring or protecting land on the same or other properties,
such that the target is met.

We calculated the amount of native vegetation protection and
restoration that would be needed to achieve the target, based on the
estimated native vegetation deficit in properties for the whole country.
The estimated native vegetation deficit in the properties was calculated
based on the requirements of the Native Vegetation Protection Law, as
specified in the Articles 12, 13, 15 and 67, but not considering Article 68
(see Supplementary Material). Because Legal Reserves cannot legally be
compensated in a different Biome, and the Native Vegetation Protection
Law will be essentially implemented at the state level, we intersected
state and biome boundaries to identify macro-units for analysis (Fig. 1).
The legislation does not consider the ecotones for Legal Reserves
compensation, only the Biome boundaries. We accessed data on prop-
erty boundaries and land use/land cover data within each macro-unit
(Freitas et al., 2017). The land use map was created in 2016 with a
spatial resolution of 50 m, while the property boundaries were defined
from a composed dataset of land tenure, which integrates the available
databases of georeferenced rural properties boundaries (including the
Rural Environmental Registry, CAR), indigenous reserves, rural agrarian
reform settlements, military land, urban areas and national, state and
municipal protected areas (Freitas et al., 2017). The compilation of
existing property boundaries databases covered about 80 % of the Bra-
zilian territory. We excluded from our analyses the remaining 20 %
ownership boundaries that were simulated by Freitas et al. (2017).

2.2. Strategies to achieve the legal reserve target

The Native Vegetation Protection Law allows the Legal Reserves
requirement to be achieved in different ways. Landowners who have a
native vegetation deficit can select one of the different options, or a
combination of approaches. These options include restoration in the
same property, or compensation using native vegetation in another
property (“off-site compensation™). There are three options for off-site
compensation: 1) protecting existing native vegetation on farms that
have more native vegetation than what is legally required (native
vegetation surplus); 2) protecting native vegetation in existing Legal
Reserves in small farms (which are no longer obligated to maintain
native vegetation in Legal Reserves after the revision of the law in 2012);
or 3) restoring native vegetation off-site.

Thus, we considered four strategies to achieve the Legal Reserve
target: 1) restoration in the same property (on-site); 2) off-site
compensation in existing native vegetation surplus; 3) off-site compen-
sation in existing (but no longer required) Legal Reserve in small farms;
and 4) off-site compensation through native vegetation restoration in
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Fig. 1. Brazilian terrestrial biomes (6) and state boundaries (27). The scenarios for the Legal Reserve regularization consider a combination of state boundaries with
biomes, resulting in 46 macro-units of analysis. Some states, as the “Amazonas”, present only one biome and thus one macro-unit, however other states comprise up
to 3 macro-units, as in the case of Bahia which has three biomes (Atlantic Forest, Cerrado and Caatinga).

other properties (Fig. 2).

The compensation in existing Legal Reserves in small farms only can
be done by a new legal mechanism that was created in the revision in
2012, the Environmental Reserve Quota (CRA, Portuguese acronym).
The CRA mechanism can also be used to acquire a credit of an off-site
native vegetation surplus (including where this occurs on small farms,
or not) or through off-site native vegetation restoration. Landowners can
buy CRA certificates (native vegetation credits) in on-line platforms,
which simplifies transactions and, besides, minimizes costs. This option
also increases areas available for compensation because it includes
compensation in existing Legal Reserves in small properties (Freitas
et al., 2017). However, according to the opinion of most lawyers, CRA is
the only mechanism that requires off-site compensation to be ‘ecologi-
cally equivalent’ to the vegetation that would have naturally occurred
on the property for which the deficit is being compensated.

The other legal instruments for off-site compensation (acquisition of
other property, arrangements for environmental easement, or donation
of an area located inside of protected areas pending ‘regularization’ —
private areas inside protected areas that were not yet indemnified by the
government) only allow landowners to compensate the Legal Reserve
deficit through native vegetation surplus protection or vegetation
restoration. While according to most jurists (Farina et al., 2019) no strict
rules around ecological equivalence are stipulated for these trans-
actions, for this analysis, we consider that any off-site compensation — be
it through the CRA mechanism or another legal instrument such as

acquisition, donation or rent- needs to satisfy an ecological equivalence
requirement. This assumption is more conservative and restrictive
(limiting compensation to equivalent areas), but we believe this analysis
is useful for testing the viability of compensation schemes, even under
restrictive conditions. We examine different degrees of ecological
equivalence and explore the implications for different approaches for
compensating deficits and, thus, achieving Legal Reserve targets.

2.3. Ecological equivalence

We adopted a simplified method to estimate ecological equivalence
(Appendix A, see also Mello et al. in press for more details) based on data
available for all Brazilian territory. We used abiotic parameters to
identify environmental similarities, and thus used “abiotic equivalence”
as a proxy or as an operational variable to represent “ecological equiv-
alence”. Abiotic data, such as climate, soil, and terrain characteristics,
are available worldwide and represent the main environmental condi-
tions that affect the biota distribution (Pearson and Dawson, 2003;
Hoorn et al., 2010; Laliberté et al., 2014; Antonelli et al., 2018). This
data is widely available worldwide, and thus can be applied to infer
ecological equivalence in different regions of the world, considering
distinct types of compensation that exist today. Some ecological equiv-
alence metrics worldwide have used or can use abiotic parameters to
measure environmental equivalence (Fish and Wildlife Service, 1980;
Miller Jr. and Gunsalus, 1999; Neale et al., 2011; Morandeau and



K. Mello et al.

On-site
restorationin
pasture with
low suitability

Off-site
compensation
in Legal Reserve
of small farm

L L. S S P

Il Native Vegetation
I Native Vegetation Surplus

[ Pasture

[ Pasture with low suitability

Environmental Science and Policy 120 (2021) 1-10

Off-site
compensation
in native
vegetation
surplus

Off-site
restorationin
pasture with
low suitability

=21 Agriculture
[l Legal Reserve Deficit

Fig. 2. Different strategies to achieve Legal Reserve target: 1) restoration in the same property ideally on lands with low agriculture suitability; 2) off-site
compensation in existing native vegetation surplus; 3) off-site compensation in existing Legal Reserve in small farms; and 4) off-site compensation through native

vegetation restoration in other properties.

Vilaysack, 2012). Biotic data is usually more difficult to obtain and it is
more specific to each region than abiotic data. For this reason, we pro-
pose using abiotic similarity as a first step to set regional ecological
equivalence, to divide the geographical space into more similar areas,
where the impacted and compensation sites must necessarily be. Biotic
data can be used to refine and stimulate higher ecological equivalence
within the abiotic subdivisions, at the state level, as it was proposed for
the state of Sao Paulo (Mello et al. in press for details). Currently, the
Native Vegetation Protection Law only requires the same amount of area
to be compensated, but does not require the same habitat conditions (e.
g. successional stage or conservation status).

We selected fourteen variables including soil, terrain, temperature,
and precipitation characteristics to calculate abiotic equivalence (Ap-
pendix A) considering catchment level 5 (ANA, 2013) as spatial units for
each of the 46 macro-unit of analysis (resulting from the intersection of
biome and state boundaries; Fig. 1). The abiotic variables were selected
based on previous studies that showed their influence on biodiversity or
ecosystem spatial distribution (Ribeiro et al., 2011; Valdujo et al., 2013;
Antonelli et al., 2018) and in consultation with experts. The mean value
of each variable was extracted per catchment and standardized, and
abiotic similarities between pairs of watersheds belonging to the same
macro-unit of analysis were calculated based on Euclidian distance
considering the same weight for all the variables.

A hierarchical clustering procedure with a spatial constraint was
then applied to create clusters (groups) of similar catchments and with
spatial proximity, depending on the level of abiotic similarity required
(Chavent et al., 2018). For this, two dissimilarity matrices were created:
one for the distance between abiotic variables (Euclidian distance) of
watersheds and one for the geographical distance between watersheds.
For geographical distance, we used a discrete definition: first-order
neighbours are watersheds that share a common boundary;
second-order neighbours are those watersheds neighbours of a

first-order neighbour; and so forth. The geographic distance was
included to avoid grouping watersheds that are not necessarily neigh-
boring, that could be dispersed in the territory, which is undesirable
from the management perspective, also for an water protection
perspective in terms of keeping and improving ecosystem services
locally. We attach greater importance to the abiotic equivalence matrix;
thus, the spatial constraint was defined to have one-fourth of the weight
of abiotic criteria in the clustering procedure.

Considering that Legal Reserves cannot legally be compensated in a
different Biome, and that most states will limit the implementation of
the Native Vegetation Protection Law at the state level, compensation
will occur across the whole macro-unit of analysis if we do not consider
abiotic equivalence. If we consider equivalence, then compensation will
be limited to the most similar watersheds, which varies with the degree
of similarity to be considered (Fig. 3). We consider 20 levels of abiotic
equivalence, varying from none (compensation can be done anywhere in
the whole macro-unit of analysis) to very high (the macro-unit of
analysis is subdivided into 20 groups of watersheds with more similar
abiotic characteristics, and compensation can only be done within the
same subdivision). In short, when there is a demand for greater equiv-
alence, the extent of areas that meet this demand is smaller. Thus, the
greater the degree of equivalence required, the greater the number of
subdivisions created - it is a direct cause-effect relationship.

2.4. Native vegetation surplus

We considered as native vegetation surplus an amount of native
vegetation higher than the minimum that is legally required. To find the
available areas for off-site compensation by protecting existing native
vegetation on farms with native vegetation surplus, we used the same
model that was applied to estimate the Legal Reserve deficit (Freitas
et al., 2017). Thus, native vegetation in private properties that was not
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computed in the amount of native vegetation protected by the law (Item
2.1) was classified as native vegetation surplus.

2.5. Low-productivity pasturelands

Data on agricultural suitability of the land was obtained from Spar-
ovek et al. (2015), which consider variables of soil quality (soil depth,
soil drainage, clay content, and soil fertility), slope and climate (water
capacity available, water and temperature index, which evaluate the
water deficit in the field) to define suitability. Combining those data
with land use information, we identified pasture in areas of low agri-
cultural suitability (hereafter “low productive pasturelands™) within
each rural property. Those pasturelands provide low economic return to
the landowners, and thus represent areas likely to have the lowest
economic impact (or even, a positive economic impact) if converted to
forest through restoration (Strassburg et al., 2014).

2.6. Scenario comparison

To evaluate how different strategies and different ecological re-
quirements affect the ability to achieve the Legal Reserves target we
considered five implementation scenarios that combine four strategies
to achieve the Legal Reserve target (Table 1, Fig. 4) for all 46 macro-
units of analysis in Brazil. The prevalent strategy is off-site compensa-
tion in existing native vegetation. Because this strategy is usually
considered the one with the lowest cost and does not require converting
agricultural areas by landowners, we considered this strategy for all

Table 1
Scenarios of compliance with the Native Vegetation Protection Law with
different strategies to achieve the Legal Reserve target in Brazil.

Strategies
Scenarios 1. 2. Off-site 3. Off-site 4.
Restoration compensation compensation Compensation
in the same in existing in Legal through
property native Reserves of restoring native
vegetation small farms vegetation in
surplus other properties
Scenario v
A
Scenario v v
B
Scenario v v
C
Scenario v v v
D
Scenario v v v v
E

scenarios. In Brazil, there is a concern from farmers to lose arable land
for forest conversion, so compensation in existing vegetation is expected
to be prioritized by landowners (Freitas et al., 2017). The second
strategy is on-site restoration, which depends on the landowners’ in-
terest in converting part of their property (which will vary with the
opportunity cost of their land). Third, the compensation in Legal Re-
serves of small properties is a strategy allowed only by CRA, which
mandatorily requires ecological equivalence, which will also depend on
the interest of the landowner. Finally, off-site compensation with
restoration implies higher costs, related both to restoration and land
costs, and thus is the less attractive option. For this reason, we only
adopted this strategy for the last scenario. For each scenario we tested
the 20 different levels of abiotic equivalence, resulting in 100
combinations.

To evaluate and compare the capacity of each scenario to achieve the
conservation target, we calculated a “target achieving indicator”, which
is the percentage of the Biome or the Brazilian territory that achieved the
target. For this, we sum the macro-units’ area that achieved the target,
where the land supply (which is the amount of native vegetation surplus,
plus Legal Reserve on small farms, plus pasturelands with low suitability
where restoration and/or compensation can occur without impairing
productive lands) was equal or higher than the land demand (i.e., the
amount of Legal Reserve deficit which needs to be compensated). Let us
denote by i the index of each territory (i.e., each biome or the Brazilian
territory) with area A; divided into y; macro-units with areas (Aj1, Aj,
.... Ajj) that achieved the target and others macro-units that did not.
Then the “target achieving indicator” is the percentage:

2 Ay
=1
A;

pi = €y

The ideal situation for Legal Reserve compensation scheme is to have
values close to the maximum (100 %, when all macro-units of a focal
unit of analysis achieved the target). Reducing abiotic equivalence re-
quirements, should, in theory, increase supply. Because the first strategy
(restoration in the same property) does not include off-site compensa-
tion, when this strategy is combined with other ones, the amount of
restored area through this strategy is deduced from the total deficit, and
the remaining deficit will be used for off-site compensation (Fig. 4).

To calculate the target achieving indicator for the different scenarios,
we built a iterative tool that enables combining the different strategies to
achieve the Legal Reserves target across the different states and Biomes
in Brazil considering the different degree of abiotic equivalence (Fig. 5).
This tool is based on a previous framework developed for the State of Sao
Paulo (Mello et al. in press). Using a control panel, decision makers can
choose restoration/compensation strategy options and the level of
equivalence, which will generate as output a map representing
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watershed where land demand is or not higher than land supply- rep-
resenting thus the ability to achieve the target. This tool is available at
https://compensacao.shinyapps.io/offset_br/ and can be accessed from
any computer or device with internet. The source code for the tool is also
available as a Supplementary Material. The tool also allows users to
download the output map (Fig. 5) for offline use.

We used the iterative tool to obtain the results for each of the 46
macro-units of analysis. These results were used to calculate the target

achieving indicator for each Brazilian Biome and for the entire Brazilian
territory. Because we have a large number of combinations of imple-
mentation scenarios and equivalence levels (100), we categorize the
results by levels of abiotic equivalence: none (no subdivision; the whole
macro-unit of analysis is considered for compensation), low (2 sub-
divisions), medium (5 subdivisions) and high (10 subdivisions). The
proposed breaks were selected to serve to demonstrate results across the
broader range of possible breaks (1-20). This is a common practice in
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studies using models such as multicriteria evaluation, where the levels of
priority are classified commonly into a manageable number of classes,
commonly 3-5 (Vettorazzi and Valente, 2016). We used a graph
generated by the interactive tool to choose the breaks based on the
variation of the abiotic similarity (Appendix A).

3. Results

When abiotic equivalence is not considered (compensation done in
the whole macro-unit), the Legal Reserve target is achieved for more
than 95 % of the biomes in all scenarios, with the exception of the
Atlantic Forest (Fig. 6). When we consider only off-site compensation
within existing native vegetation surplus (scenario A), only 66.86 % of
the target was achieved for this biome. In Scenario B, which considered
off-site compensation with native vegetation surplus and in existing
Legal Reserves of small farms, the ability to achieve the target in the
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Atlantic Forest increased to 85.42 %. When on-site vegetation restora-
tion on pastureland of low productivity is used (Scenario C), it increased
to 98.78 %, achieving 99.06 % when both strategies were applied
(Scenario D) (Fig. 6). The macrounits that did not achieve the target
were the state of Goias in Atlantic Forest, Sao Paulo in Cerrado and
Tocantins in Amazon (Supplementary Material), but they represent only
1 %, 4 % and 0.6 % of the biome extent, respectively. The total target
(100 %) is achieved for the whole country when we applied all the
strategies to meet the target without compromising productive lands
(Scenario E). The differences among the scenarios were most prominent
for Atlantic Forest, Cerrado and Amazon Forest biomes, as we can
observe for the next degrees of abiotic equivalence.

When we consider a low abiotic equivalence requirement, except for
the Cerrado in the State of Sao Paulo, the ability to achieve the target
only decreased in the Atlantic Forest comparing to none ecological
requirement (Fig. 6; Table S1). It varied from 51.90 % (only native

C D E

Cerrado Pampas Pantanal Brazil

Fig. 6. The target achieving indicator for Legal Reserve compensation schemes. The results are shown for each biome and for the entire Brazilian territory in each
scenario for different degrees of abiotic equivalence: none (no subdivision; the whole macro-unit of analysis is considered for compensation), low (2 subdivisions),
medium (5 subdivisions) and high (10 subdivisions). Scenario A = off-site compensation in existing native vegetation surplus; Scenario B = off-site compensation in
existing native vegetation surplus and/or in Legal Reserves of small farms (CRA); Scenario C = off-site compensation in existing native vegetation surplus and
restoration in the same property; Scenario D = off-site compensation in existing native vegetation surplus and/or in Legal Reserves of small farms (CRA) and
restoration in the same property; Scenario E = off-site compensation in existing native vegetation surplus and/or in Legal Reserves of small farms (CRA), restoration

in the same property and restoration in other properties.
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vegetation surplus — Scenario A) to 99.06 % (all the strategies — Scenario
E) (Fig. 6). Combining CRA compensation and on-site vegetation
restoration allowed to reach 84 % of the target for this biome.

The same pattern is observed when we considered a medium abiotic
equivalence requirement for the Atlantic Forest, which the ability to
achieve the target decreased compared to the previous abiotic equiva-
lence requirement, varying from 43.27% to 98.78 %. Amazon presented
a lower ability to achieve the target when only compensation in existing
native vegetation (scenarios A and B) is applied. In addition to the State
of Sao Paulo, which did not reach the target for the previous require-
ment in the Cerrado Biome, for a medium equivalence requirement, the
macro-unit of Mato Grosso do Sul also did not reach the necessary
amount of available land, which decreased the ability to achieve the
target to 85.34 % in the Cerrado biome.

For a high abiotic equivalence requirement, considering only off-site
compensation in existing native vegetation (scenarios A and B), 14 of the
15 macro-units in the Atlantic Forest have less forest available for
compensation than is needed to meet the target (Table S1), which
allowed only 8.52 % of the biome to achieve the target. When on-site
restoration is combined with off-site compensation in existing native
vegetation, this percentage increased to 37.97 % (Scenario D, Fig. 6).
The ability can increase to 69.65 % when off-site restoration is consid-
ered. The ability to achieve the target is also lower for the Cerrado Biome
when we consider only native vegetation surplus and on-site restoration
(scenarios A and C), but when compensation in Legal Reserves of small
properties is used (strategy 3) or when it is combined with restoration,
the value is the same as for medium equivalence requirement (scenarios
B, D and E). The target was not achieved in the Pampas in all scenarios of
high abiotic equivalence. For Caatinga, Pantanal and Amazon, the
ability to achieve the target did not change compared to the previous
ecological equivalence requirement.

4. Discussion

We presented the ability to reach the Legal Reserve target for native
vegetation cover in Brazil under different on-property and off-property
strategies of restoration and compensation, and considering different
requirements for ecological equivalence when compensating off-site. We
found that, broadly, the Atlantic Forest is the only Biome where it is not
possible to achieve (or almost achieve) the Legal Reserve target only
through off-site compensation in existing native vegetation, regardless
of the degree of ecological equivalence. For this biome, it will be
necessary vegetation restoration actions to be undertaken in addition to
offsite compensation to achieve the target in at least some states.

Under all scenarios, the Atlantic Forest biome had the lowest ability
to achieve the target, followed by the Cerrado, especially when high
ecological equivalence requirements were simulated. These biomes are
the most threatened and over-exploited regions in Brazil, with Atlantic
Forest having suffered the most habitat loss (MapBiomas, 2019). Both
biomes are global biodiversity hotspots (Mittermeier et al., 2011) and
most native vegetation is on private land, which demonstrates the
importance of Legal Reserves for biodiversity conservation and
ecosystem services provision (Joly et al., 2014). In the case of Atlantic
Forest, there is a national zero-deforestation policy for the biome
launched in 2006 — The Atlantic Forest Law, which protects all the
current forest cover. However, exceptions are made in cases of “public
interest” under Brazilian Law (Metzger et al., 2019), and recent pro-
posals could reduce even more the protection of the Atlantic Forest law
(RMA and CN-RBMA, 2020). Therefore, Legal Reserve implementation
in this biome is especially important. The restoration of part of the Legal
Reserve deficit can help the Atlantic Forest to go beyond biodiversity
hotspot status and become a hopespot (Rezende et al., 2018).

4.1. How different strategies affect the ability to achieve the target?

Using off-site compensation within areas of existing native
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vegetation surplus (scenario A) was inadequate to achieve the target in
some parts of Brazil, but especially for the Atlantic Forest biome. Off-site
compensation that includes both native vegetation surplus and
compensation in Legal Reserves of small farms (scenario B) increased the
land availability for compensation. This raised the ability to achieve the
target in all biomes, but it is still not enough supply to meet the target in
Atlantic Forest. CRA is an important pathway to facilitate legal
compliance and achieving the Legal Reserve target, but it may have little
or no additional effects on the protection of native vegetation, because
most of the compensation is likely to take place where native vegetation
is already protected by prevailing legislation (Freitas et al., 2017), i.e.,
the Legal Reserves in small farms, all the Atlantic Forest and Cerrado in
the State of Sao Paulo (Sao Paulo, 2009). Thus, restoration (both on-site
and off-site) is still the most appropriate action to achieve the target
ensuring additional protection.

We showed that implementing vegetation restoration in pasturelands
with low suitability (scenarios C to E) make it possible to achieve the
target for all the Brazilian territory requiring at least low ecological
equivalence degree, and for most of the States, it is possible to require
medium to high ecological equivalence without the need to restore
native vegetation on productive farmland. In our models, we proposed
vegetation restoration only in pasturelands with low agriculture suit-
ability, which in general have never been developed because they have
steep terrain or other unfavourable characteristics, and because of that
they are easier to restore with low cost than productive areas, as they
usually have some level of natural regeneration (Crouzeilles et al.,
2020). Recent studies have shown an increase in secondary forest
regeneration in areas with low agricultural potential (Molin et al., 2017;
Rezende et al., 2018).

The on-site native restoration represents an important strategy to
achieve the Legal Reserve target, where 89 % (scenario C) of the Bra-
zilian territory can meet the target with at least a medium ecological
equivalence requirement. The on-site restoration decreases the Legal
Reserve deficit to be compensated in other properties, and can be a cost-
effective alternative — the highest ecological equivalence with relatively
low cost (Molin et al., 2018). The Native Vegetation Protection Law
allows the use of exotic species of high economic interest for the resto-
ration of Legal Reserves, if combined with native species, and also
livestock in natural grassland regions, which can represent a great
economic opportunity for landowners in low agricultural potential re-
gions (Metzger et al., 2019). However, in areas with high potential for
agriculture, as in the State of Sao Paulo and Parana (Freitas et al., 2017),
only on-site restoration of the Legal Reserve deficit is not enough to
achieve the target. Moreover, it can be not adopted by most of land-
owners due to the costs for implementing and monitoring restoration,
especially in areas where the landscape does not favour the natural
regeneration (Strassburg et al., 2019).

Thus, we showed the importance to use different strategies to ach-
ieve the Legal Reserve target, combining both the off-site compensation
in existing native vegetation protection and on-site and off-site resto-
ration (scenarios D and E). The scenario D, which does not consider off-
site restoration, presents 86 % of the territory able to achieve the target
adopting high levels of ecological equivalence, which represents a good
strategy to achieve the target in most of the states. In this scenario, there
are still problems to achieve the target at low ecological equivalence
especially for Goids in Atlantic Forest, Sao Paulo in Cerrado and
Tocantins in Amazon Forest. These exceptions were also observed by
Freitas et al. (2017) because of the high Legal Reserve deficit and low
land supply for compensation in these regions.

Different strategies to reach the Legal Reserve target can be adopted
by the States, and the best solution may not depend on only one strategy.
We showed that the different mechanisms of Legal Reserve compensa-
tion that the legislation offers can be a good opportunity for landowner
to comply with the law. We showed that each biome in Brazil has a
different scenario, and, for example, on-site restoration will be essential
for Atlantic Forest, but not essential in the Amazon Forest to comply
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with the law. The same occurs at the state level. States with different
realities will need different strategies to reach the target. The examples
discussed before, in Goias, Sao Paulo and Tocantins, show regions where
native vegetation restoration will be essential to meet the target,
whereas for other states as Amazonas and Pernambuco (Appendix B),
there is enough native vegetation surplus available for trade.

4.2. How the ecological equivalence requirement affects the ability to
achieve the target?

The increase in ecological equivalence requirement for Legal Reserve
compensation did not change considerably the ability to achieve the
target in general, with the exception of the Atlantic Forest. For this
biome, however, it is possible to achieve 99 % of the target considering a
medium ecological equivalence and adopting all the strategies, which
can be an interesting approach to meet the target for this biome.

Increasing the equivalence requirement only affects the ability to
meet the target in the Amazon when only off-site compensation through
native vegetation is considered. When we consider restoration in pasture
with low productivity, the ability to meet the target did not decrease
even requiring a high ecological equivalence. In fact, in the Amazon
region the availability of this type of land is high, because many areas
are abandoned after some years of pasture use due to the low potential
for agricultural and cattle ranch (Fearnside, 1996; Lennox et al., 2018).
This natural regeneration on abandoned pasture represented 38 % of the
increase in secondary forest in Amazonia between 2004 and 2014 (INPE
and Empraba, 2016).

In the Cerrado biome, the ability is affected only when strategy 3 is
not adopted (only allowed by CRA mechanism), showing that CRA can
require stricter ecological equivalence than the biome boundary.
Pampas did not reach the target when high ecological equivalence was
required, however, there is only one macro-unit in this biome, and the
medium equivalence considered in this study should be enough for Legal
Reserve compensation in this biome.

4.3. Is it possible to achieve the target avoiding the conversion of
productive lands?

Overall, we showed that it is possible to achieve the target in most of
the country without converting productive lands, even when requiring a
higher degree of ecological equivalence than the Biome boundary. The
exceptions, as the Cerrado in the State of Sao Paulo, do not hinder the
implementation of ecological requirement for Legal Reserve compen-
sation, and to achieve the target at the national scale. In these particular
cases where the land supply is low, and on-site restoration is not enough
to supply the deficit, we can adopt off-site restoration in low-
productivity lands (scenario D), which allows 100 % of the territory to
achieve the target at a low degree of ecological equivalence, and 96 % at
medium ecological equivalence degree. Thus, areas with low land sup-
ply could adopt a degree of ecological equivalence that allows
achievement of the target through a combination of protection of
existing native vegetation and restoration in low productive
pasturelands.

It is important to highlight that our Legal Reserve deficit data do not
include the application of the Article 68 of the Native Vegetation Pro-
tection Law, created with the revision of the law in 2012, which exempts
landholders from Legal Reserve obligations if native vegetation was
converted without offending the legislation in place at the time of the
conversion. The application of this legal mechanism can decrease in 58
% the environmental deficit from properties deforested illegally before
2008 (Soares-filho et al., 2014). In the state of Sao Paulo, for example,
this mechanism can reduce the Legal Reserve deficit by 50 % (Tavares
et al., 2019), which would make it possible to achieve the Legal Reserve
target in the Cerrado biome in this state, even considering higher levels
of ecological equivalence.

Even with the reduction of the Legal Reserves requirement after
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2012, part of the agribusiness sector still criticizes the Legal Reserves
requirement claiming that it impedes the agricultural expansion and,
consequently, the economic development (Metzger et al., 2019). A
recent bill (n. 2362/19) has been presented to the Brazilian Congress to
extinguish Legal Reserves, representing a great risk for the environ-
mental protection in Brazil, where 27 % of the nation's remaining native
vegetation would be made available for clearing (Guidotti et al., 2017).
We showed here that it is possible to achieve the target without con-
verting productive lands. Protection via Legal Reserves is important for
native vegetation in Brazil, most of which is on private land (Brancalion
et al., 2016). Further, native vegetation protection under Legal Reserves
in Brazil could help decrease the current forest loss in the Amazon and
Cerrado, which has increased in recent months (INPE, 2020).

5. Conclusion

We show that it is possible to achieve the Legal Reserve target
without converting productive lands. To achieve the target, it is
important to combine different strategies that include protecting exist-
ing native vegetation through off-site compensation, and restoring it
(on-site and off-site) in pasturelands with low agricultural suitability.
Native vegetation restoration on-site can be an important cost-effective
strategy that reduces land demand for compensation, which in turn in-
creases the ability to achieve the target, while requiring the highest
ecological equivalence. By combining strategies, it is possible to achieve
the target even requiring a higher degree of ecological equivalence for
Legal Reserve compensation than the Biome boundary without
compromising productive lands. The example of the Brazilian Native
Vegetation Protection Law shows that it is possible to balance environ-
mental and agricultural production during implementation of environ-
mental policy.
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