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ABSTRACT

Examples of large-scale restoration programs to recover ecosystem services are now common in many countries,
and governments are assuming ambitious forest restoration targets. Given the increasing investment of time,
effort, and money in restoration, there is an urgent need to develop monitoring programs to assess restoration
effectiveness. Some countries are already conducting monitoring programs, but the effectiveness of the restoration programs remains mostly unknown. Restoration evaluation often entails significant difficulties, such as
the lack of harmonized monitoring data and imprecise information available about project goals and implementation. With the intent of contributing to the development of effective and accountable restoration
projects, the objective of our work is to create a conceptual model that provides the building blocks of a planning
and monitoring system to support forest restoration programs. The aim is to develop a conceptual model that
represents forest restoration monitoring processes that effectively attain and measure the desirable outcomes.
The São Paulo Forest Restoration Program is the case study that provides variables and processes to illustrate the
development of the conceptual model. This paper presents the conceptual model, emphasizing generalizable
principles that extend its applicability to similar monitoring programs. Based on action learning principles and
recommendations from a comprehensive literature review, the resulting Forest Management Decisions Support
System (FMDSS) embeds adaptive management strategies and the existence of an auto-updatable knowledge
base. The result is a conceptual model that can be generalizable and applicable beyond the realms of the FMDSS.
The restoration of degraded areas in a case with > 40,000 rural properties serves as the case study. Although the
planning and the monitoring of the restoration programs differ, the generalizable principles used to develop the
conceptual model presented in this paper result in continuous intelligent monitoring processes that transform the
systems so that they are adaptable to apparently different situations. Additionally, conceptual models that integrate adaptive planning and monitoring processes, supported by an auto-updatable knowledge base, mitigate
the risk of failures, mainly when the comprehensive gathering of well-established references for the initial
knowledge base has been conducted well at the outset.

1. Introduction
Examples of large-scale restoration programs to recover essential
ecosystem services are now common in many countries. Governments
are assuming ambitious targets outlined in regional and national forest
restoration policies (e.g., Sao Paulo State Resolution SMA 32/2014,
Brazil; Environmental Protection Law, China) as well as global

commitments (Benini and de Adeodato, 2017; Ray et al., 2017; GaticaSaavedra et al., 2017). Additionally, an increasing interest in forest
restoration can be seen in scientific literature in recent years (GaticaSaavedra et al., 2017).
Among other methods to reverse degradation and destruction, active forest restoration is increasingly being used. A great amount has
been invested throughout the world on landscape restoration programs,

and the New Climate Economy Report1 estimates that the total expenditure on these activities amounts to $50 billion USD per year, half
of this coming from developing countries (Benini and de Adeodato,
2017).
Demand for restoration in Brazil is increasing strongly (Benini and
de Adeodato, 2017). Federal and State governments, NGOs, and the
private sector have organized themselves in different types of coalitions
after realizing the urgent need for the restoration of ecosystem services
such water supply, soil, and biodiversity conservation (Viani et al.,
2017). Among other initiatives, a national multi-stakeholder coalition
(the Atlantic Forest Pact) was created with the goal of promoting the
restoration of 15 million hectare in the Atlantic Forest biome by 2050
(Viani et al., 2017).
Given the increasing investment of time, effort, and money in restoration, there is an urgent need to develop monitoring programs to
assess restoration effectiveness (Durigan et al., 2016; Gatica-Saavedra
et al., 2017; Watson et al., 2017). Long-term monitoring programs at
larger spatial scales are especially growing in importance and have
specific challenges to overcome such as consistency, standardization,
repeatability, affordability, and continuity (White et al., 2017; Reynolds
et al., 2016; Gatica-Saavedra et al., 2017).
Gatica-Saavedra et al. (2017) conducted a literature review covering a total of 94 publications, between 1990 and 2015 that were
filtered in their analysis. They found forest restoration assessments in
25 different countries and concluded that the effectiveness of most restoration programs remains mostly unknown, limiting the ability to
determine the overall impact of current investments in restoration.
The most considerable number of assessments, according to GaticaSaavedra et al. (2017), was conducted in tropical forests. Published
assessments increased considerably between 2010 and 2015 in all regions of the world. Forest composition and ecosystem functions were
the most frequently cited attributes, found in 79% and 68% of the
publications.
Although the number of assessments has increased over time in all
regions, South America was the region with the most evident increase.
The number of assessments was particularly high in Brazil, which leads
South America in public policies and legislation aimed at increasing the
effectiveness of forest restoration. Moreover, according to Durigan et al.
(2016), forest restoration projects have grown not only in number but
also in extension in Brazil over the recent years.
One of the most significant findings of the literature review conduct
by Gatica-Saavedra et al. (2017) was the need for the use of a greater
number of indicators of the effects of forest restoration. Unless a greater
number is used, investigators might not be able to understand the extent to which management activities are contributing to restoring
ecological complexity and integrity in forest ecosystems and contributing to achieving global conservation goals.
Restoration evaluation often entails significant difficulties such as
the lack of harmonized monitoring data, lack of reference sites, and
vague and imprecise information available about project goals and
implementation (Ocampo-Melgar et al., 2016).
Therefore, despite the growing demand for data collected consistently across space and time, monitoring efforts fail frequently
(Reynolds et al., 2016). Interestingly, one of the main failures simultaneously pointed at by Albert et al. (2015) and Reynolds et al.
(2016) is that effective monitoring requires a remarkable plan phase
and designed model to guarantee the link between the outcomes of the
initiatives with the restoration policy program objectives. The key
benefits of following a planning framework lie in providing a better
basis for accounting and subsequent decision-making (Albert et al.,
2015).

As a method for planning assessment programs, Reynolds et al.
(2016) proposed a roadmap for designing and implementing successful
biological monitoring programs. Their intended to address any monitoring program that aims to better natural resources management. The
roadmap emphasizes linkages among core decisions to ensure alignment of all components, from problem framing through technical details of data collection and analysis (Reynolds et al., 2016).
The first phase of the roadmap is dedicated to clarifying the objectives and developing a conceptual model of the system. More specifically, the first phase comprises four steps (define the problem; state
the objectives; design a conceptual model, and specify management
actions); the second; and the third one describes how a conceptual
model should be designed. Reynolds et al. (2016) also define a conceptual model as the intellectual foundation upon which a monitoring
program rests.
Watson et al. (2017) developed a conceptual model that represents
the many hypothesized links from two groups of facts: (1) on-ground
connectivity management to organismal movement and (2) the demographic parameters that define population processes and conservation
outcomes intended. Then they embedded this model within an adaptive
management framework to provide a decision-support tool that linked
policy program objectives to achievable monitoring goals, advising on
the most appropriate methods to use for understanding, managing and
reporting effects of connectivity restoration.
With the intent of contributing to the development of effective and
accountable restoration projects, the objective of our work is to create a
conceptual monitoring model that can be applied to the monitoring
restoration program and can be embedded in the planning tool developed to support the forest restoration program of the state of São Paulo
in Brazil. The primary objective of this paper is to present a monitoring
model that can be generalized to address similar monitoring programs.
More precisely, the proposal follows the first phase of Reynolds
et al. (2016), generating sufficient information to design the monitoring
process model in the context of the São Paulo forest restoration program. Subsequently, the applicability of the model to more general
cases is explained through references to other authors' experiences.
As in Watson et al. (2017), the proposed conceptual model is embeddable as an adaptive management framework into Forest Management Decision Support Systems (FMDSS). Moreover, the proposal follows the fifth step of the Reynolds et al. (2016) roadmap, which
classifies monitoring into different types and offers guidelines to conceptual model developers. Specifically, the effectiveness monitoring is
one of the types Reynolds et al. (2016) define. This type of monitoring
focuses on the effects of management actions. It assesses the effect of
specific policy implementation by explicitly documenting the response
in the system and noting the degree to which desired outcomes are
attained.
The following section summarizes theoretical references and divides
them into three parts. The first part outlines monitoring as a module of
a FMDSS and describes monitoring under such a perspective. The
second part defines adaptive management, and the third part synthesizes the guidelines found in the literature on how to design a monitoring conceptual model.
The third section describes the proposed model that adheres to the
previously summarized theoretical references. The fourth section shows
the result of applying the proposed model in the Sao Paulo case. Final
remarks sum up the experience and suggest some eventual improvements.
2. Theoretical references
2.1. Monitoring as a module of forest management decision support systems
(DSS)

1
The New Climate Economy was commissioned in 2013 by the governments of seven
countries: Colombia, Ethiopia, Indonesia, Norway, South Korea, Sweden and the United
Kingdom. The Commission has operated as an independent body and has been given full
freedom to reach its own conclusions.

From the forest policy formulation perspective, Knowledge
Management (KM) supported by information technology is needed to
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deal with the huge amount of data that describes the territory, forest
silviculture activities, and production over time (McDill, 2014). Analysing the use of KM in the decision support system (DSS) that intends
to monitor the environment, Cortés et al. (2001) point out that a DSS
tool can maximize the performance of a process and minimize the negative impacts of faults.
KM, according to Plunkett (2001), is the conscious strategy of putting knowledge into action as a mean to increase organizational performance. Technologies that support KM are available and effective
(Rauscher et al., 2007). The role of information technology (IT) is to
store and to provide access to knowledge (Plunkett, 2001). KM uses
technology to identify, create, structure, and share knowledge with the
goal of improving decision-making (Tyndale, 2002). To increase performance and improve decision-making gradually, in each iteration of a
planning process, computerized tools may be useful because of their
ability to store, retrieve, display and organize knowledge (Hujala et al.,
2013).
They emphasize that the effectiveness of an environmental DSS involves a “continuous intelligent monitoring system”. Because of the
significance of the decision impacts, environmental DSSs must allow
knowledge-based decisions. Bagstad et al. (2013) analysed 17 ecosystem services DSS and found that there is a general need for more
investments in organizing data from previous processes, sharing existing data, and improving the quality of input data. Researchers
stressed the importance of KM in forest management processes in a
collection of 80 lessons extracted from 31 cases in 10 different countries. Almost half of them had KM as a major theme in the group of
concerns (Gordon et al., 2013). Authors (Vacik et al., 2013) also say
that a KM base is the main output of a monitoring system because it is
created upon a sequence on information, which are data treatment
output and these data are gathered by a monitoring system.
McDill (2014) and other authors (Vacik and Lexer, 2013) consider
the monitoring process to be an important part of the planning process.
That is, to be completed, a planning process must include the monitoring phase (Fig. 1). If the monitoring and planning processes are
integrated, the information used in supporting a decision can be compared to the achieved outcome, which enables better decision-making
in the future (Rauscher et al., 2007). It is important to highlight the fact
that the Enterprise Resource Planning systems used in larger enterprises
have been being built to integrate the planning and monitoring processes since the early 1990s (Blount et al., 2016) and are still extensively being used all over the world (Dechow and Mouritsen, 2005;
Gholamzadeh Chofreh et al., 2016; Park and Jeong, 2013; Saade and
Nijher, 2016).
A proper KM tool supported by information technology responds to
questions regarding who produces and how much, which regions best
suit each kind of production, and what the social, economic, and ethical
consequences of a reduction or an increase in forest production may be
(Rauscher et al., 2007). The answers to those questions could guide
policy makers in their decisions. However, this is only possible if the
parameters used in policy formulations are based on that information.
Some authors remark that managers and decision makers should not be
overwhelmed by data because what they need is not “more information” but values, priorities, and clarity about preferences (Ekbia and

Reynolds, 2007; McElroy, 2000; Vacik et al., 2013). Therefore, data
about the process must be treated and organized in a useful manner to
forest policymakers and managers.
In addition, forest policymakers usually face uncertainties regarding
future environmental conditions, social demands, changing trends, and
projected performances of markets for forest products (Rist et al., 2016;
Vacik and Lexer, 2013). Therefore, adaptive management has been
viewed as a very promising conceptual framework for defining forest
management and policy formulations (Rist et al., 2016; Vacik and
Lexer, 2013). Adaptive management is a continuing cycle of four activities, namely planning, implementation, monitoring, and evaluation,
in which monitoring and data interpretation play essential parts in the
whole planning cycle (Dickinson et al., 2016).
As planning cycles evolve, a tool to monitor performance indicators
is needed to allow forest managers to compare outcomes among cycles.
To achieve the improving process, all the verifiers of the indicators have
to be well known and registered (McDill, 2014). According to Meng and
Minogue (2011), practitioners consider monitoring models based on
key performance indicators (KPI) are very effective systems. KPIs link
performance with objectives and processes because the objective of the
project is expressed in terms of values of indicators to be achieved
(Shohet and Nobili, 2016).
The need of having a supportive monitoring component leads to the
need for an applicable set of models to guide the development and
integration into a modern Forest Management DSS. This need motivated the authors to conduct this research. Even though many authors
agree that data from the monitoring process takes part in the forest
planning process, the forest academia has focused on the planning part
of the problem. Planning parameters, efficient methods of solving
planning problems, and stakeholder involvement have received the
largest share of attention from forestry academia over the last 50 years
(Borges et al., 2014; Eriksson et al., 2014, 2013; Gordon et al., 2013;
Nobre et al., 2016). In terms of forest planning, the modelling of a
planning problem usually involves some sort of scheduling or assignment in the future. Monitoring processes also need models, reliable
methods (Thompson, 2014), and the involvement of stakeholders to
represent forest realities accurately.
Once defined, the outcomes of a plan have to be monitored by
means of performance indicators that were specially defined to measure
how close the managed forest is to reaching expected goals and whether
the planned interventions have been effective. Unfortunately, and
probably due to the spatial scale of most forest problems, technological
limitations, and the large amounts of data needed, the detailed integration and modelling of the monitoring phase is not usually considered when dealing with forest policy or management planning formulations (Dickinson et al., 2016).
As already pointed out, comprehensive Environmental DSS and
Ecosystem Services DSS should have as one of their building blocks a
reliable monitoring model. That also applies to an environmental and
forest policy DSS. Under the perspective of a DSS conceptual frame we
are presenting a monitoring module that composes an FMDSS. And this
module is carefully designed to improve planning iterations incrementally.

Fig. 1. Planning process (McDill, 2014).
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2.2. Monitoring embedded in adaptive management frameworks

35 papers with forest monitoring as the focus. Of these, 22 related to
inventory modelling, growing, or biomass measurement, and 10
strengthened the importance of having data integration, at least among
a sequence of measurements. The other 13 are related to land use,
deforestation, and other environmental issues; and 7 reinforce the integration of other monitoring systems. Only one of these articles declares that the monitoring system would “facilitate better management
plans.” Even though all of them describe how they transform measured
data into information on biomass growing or stock and land use, none
of them is related to silviculture activities or costs control.
It seems, from this recent forestry publication presented in the last
paragraph, that the usual concept of the monitoring means forest inventory and land use analysis. However, in general business, monitoring systems and control systems are related not only to productivity
but also to control costs and activities related to productivity to produce
better plan parameters (Jannuzzi et al., 2014).
Moreover, when it comes to ecosystem restoration, the focus is
changing from forest structure and forest composition to restoring
ecosystem processes. First, the emphasis was the return of structure
(e.g., nutrients and selected plant species) rather than the repair of
processes (e.g., hydrology, nutrient cycling, and energy capture).
Second, the focus was on specific sites without considering the landscape context. Third, the concept was a “restore” program at the
completion rather than the beginning of natural repair processes. A
focus on returning structural components to functionally damaged
ecosystems does not necessarily lead to the development of self-repairing ecosystems (Whisenant, 1999).
Therefore, the change from “forest monitoring” to “ecosystem
monitoring” is a forest restoration requirement. The aim of a forest
plantation is no longer an establishment of a production forest but a reestablishment of ecosystem processes (Durigan et al., 2016; Whisenant,
1999; Durigan and Ramos, 2013; Chaves et al., 2015; Albert et al.,
2015; Gatica-Saavedra et al., 2017; Bodini, 2012; Reynolds et al., 2016;
Ocampo-Melgar et al., 2016).
According to the literature, a conceptual monitoring model is defined as the intellectual foundation upon which a monitoring program
rests as it makes the connection between system drivers (including
management actions) and the fundamental objectives explicit, thus
helping clarify exactly what should be monitored (Reynolds et al.,
2016).
And some requirements are essential to a conceptual model. It:

In the previous sections, we could see that the purpose of monitoring is to generate useful information to answer the motivating
questions from many different perspectives. Adaptive management
concepts go beyond and insert the monitoring in an iterative decisionmaking cycle (Reynolds et al., 2016). It goes beyond improving planning iterations and includes a quantitative learning process to combine
(i) effectiveness monitoring and (ii) predictive models quantifying the
expected outcomes.
The adaptive management cycle has critical trigger points to ensure
that corrective actions will be taken if any restoration targets are not
being achieved (Viani et al., 2017). If environmental uncertainty is a
major concern, monitoring under adaptive management should, ideally,
lead to learning. Therefore, the adaptive management means midcourse corrections and large-scale changes in management direction
(Gatica-Saavedra et al., 2017; Durigan and Ramos, 2013) based on
knowledge gained from monitoring.
According to Reynolds et al. (2016), for monitoring associated with
management actions, the updated models inform the next cycle of
management. Consequently, the system model is refined by integrating
the new observations into the quantitative model.
However, to be embedded in an adaptive management framework, a
monitoring system requires a limited number of indicators that are
repeatable, sensitive to change, and affordable (White et al., 2017). The
choice of suitable ecological indicators is a challenge for monitoring
ecosystem quality. According to Durigan et al. (2016) indicators should
be easy to apply and, in the case of forest restoration, they should represent the gradual recovery of biodiversity, relevant ecological processes, and ecosystem services resulting of interventions.
As an example, Sao Paulo State developed a protocol to evaluate
restoration success which requires only three ecological indicators: (a)
native vegetation ground cover; (b) density of native plants spontaneously regenerating; and (c) number of spontaneously regenerating
native plant species (Chaves et al., 2015; Viani et al., 2017).
2.3. Requirements of a forest restoration monitoring conceptual model
A monitoring model comprises (i) a process to gather data, information, or knowledge related to the facts of interest; (ii) a method to
store and transform those data into information; and (iii) routines to
interpret trends and produce outcomes (Bolloju et al., 2002). Due to the
components of a model, databases have become valuable assets to any
organization (Tyndale, 2002) mainly because of important improvements in information technology that have allowed the processing of
new types of data, such as spatial, audio, and video data and the efficient processing of large database management applications. The observed improvements are even more noteworthy in forest management
problems dealing with large-scale spatial constraints and operations
occurring simultaneously in many isolated places.
The more complex the demands from the policies are and the more
diverse the expectations of various user groups become, the greater the
complexity of the models designed for use in DSS is (Vacik and Lexer,
2013). The complexity of the models requires parameters that represent
reality, and the aim of a monitoring model is to gather together data
and interpret them to create knowledge about the process. New
knowledge about the forest process may become available if the system
is correctly used, and this knowledge should result in new goals and
revised parameters. This is precisely the aim of a monitoring component of a DSS: guaranteeing the knowledge expansion (Bolloju et al.,
2002). At each cycle, the result of the evaluation activity gives feedback
on the planning activity so that adaptive learning can take place (Vacik
and Lexer, 2013).
By doing a search in the ISI's Web of Science for publications from
the last five years on forestry and environmental science issues through
articles and reviews using the keyword “forest monitoring,” we found

• should consider the activities or interventions, and their relationships to the fundamental objective (Reynolds et al., 2016);
• should clarify the main types of uncertainties associated with

•
•
•
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management decision making such as (i) environmental variation —
inherent stochastic variation in environmental factors; (ii) partial
controllability — imprecise application of management actions; (iii)
partial observability — imprecise measurement of the system; and
(iv) structural uncertainty — lack of understanding about relationships between system state and drivers, e.g., uncertainty in defining
the model itself (Reynolds et al., 2016). The model should allow the
monitoring program to control and/or reduce each of them;
should allow information be presented in multiple ways to address
the needs of different stakeholders and translated into a userfriendly decision support tools (Albert et al., 2015; Reynolds et al.,
2016);
should be a systemic model to be applied as conceptual bases and
should represent the real systems (Bodini, 2012);
a data interpretation component must be integrative; thus, model
applications can be used profitably to attain a strategy of predictive
monitoring. A system can be predictive only if planning or potential
policies could be translated into new structural configurations of
flows of activities (Bodini, 2012).

Table 1
Land distribution in state of São Paulo.
Area classes in hectares

[0,20]

[20,50]

[50,100]

[100,200]

[200+]

Total

Number of properties in each area class
Total area per Class (ha)

174.352
1.743.520

77.720
2.720.200

32.888
2.466.600

19.722
2.958.300

19.640
10.571.695

324.322
20.460.315

Table 2
List of policies.
Group of policies
1: Regulations
Priority Areas

Policy

Regulation Adjustments

Create areas according to the state priorities, like water supply, biodiversity distribution, and soil protection urgencies.
Through regulations, facilitate the restoration on those areas.
Adjust all it is needed to promote restoration, number of species, restoration rules, and performance indicators to control.

2: Technical Assistance
Technical Recommendation

Encourage the state research institutes and consulting companies to study native species silviculture to find:

Demonstration units

- Suitable species to the state and their correct combination
- Species mix with economic return.
- Species distribution in the area to allow economic exploitation.
Training program to technical assistance public staff and amplifying the tech team through public-private partnership (PPP).
Develop system to do the recommendation to the entire state.
Develop web-portal to publish the technical recommendations.
Develop monitoring system to feed planning systems.
Integrate the recommendation web-portal to the State Environmental Control System (SIGAM) already developed.
Research areas in several regions to demonstrate silviculture techniques: private and public land.

3: Infra-Structure
Funding
Forestry-base Industry clusters
Continuous research

Negotiate with funding institutions.
Finding priority micro-regions to incentive forestry-base Industry clusters.
Institutional agreements and research priorities to the state research.

Processes support

3. Methodology

to some constraints monitored by key indicators established by state
regulations.
The restoration of LR areas with Brazilian native tree species for
commercial purposes is still incipient in the country. There is a lack of
silvicultural techniques and information, and the uncertainty about
markets for forest products and services is high (Zakia, 2013). These
problems make proper economic evaluations very difficult and inhibit
the supply and demand of adequate credit lines.
In the state of São Paulo, a restoration target was set to reach
300,000 ha in the next ten years (Barretto and Assunção, 2015). There
are 20 million hectares in the hands of private farm owners, and the
legal reserve deficit is estimated at 1,7 million hectares (Barretto and
Assunção, 2015). Half of the area is in hands of 19,000 property
owners, and the other half has 304,000 land units. The São Paulo State
Department of Environment (SMA) expects that 30,000 to 40,000
landowners will present LR forest restoration projects to be analysed
and approved during the upcoming years (Table 1).
Therefore, a new set of policies has been planned to mitigate
eventual barriers that prevent landowners in this state from restoring
their LR based in three fundaments: regulations, technical assistance,
and infrastructure. Table 2 shows the set of policies per fundament. The
São Paulo State Department of Environment (SMA) leads a mobilization
of research institutes, universities, NGOs, and consulting companies to
support the development and implementation of the new policies.
Many of these policies are in the implementation phase, and restoration has already begun. In Fundament 2, a “Legal Reserve” technical recommendation module has already been developed. This system
is integrated into other systems that control licensing processes and the
general registration of a property named “SIGAM – State Environmental
Control System”.2
The set of policies listed essentially relies on the existence of a DSS
named “Restoration Scenario Simulator”. This tool determines all

The goal is to develop a conceptual model that represents forest
restoration monitoring processes that effectively measures the attainment of desirable outcomes. The São Paulo Forest Restoration Program
is the case study that provides variables and processes to support the
development of the conceptual model. Section 3.1 describes the São
Paulo Restoration Program, and Section 3.2. describes the methodology
used to develop the conceptual model.
3.1. Case study – a forest restoration program in Brazil
In this sub-section, a large forest restoration program is presented,
in which monitoring takes an essential role to guarantee the success of
the initiative. It is an appropriate case study sufficiently extensive, diverse and real to allow and test the generalization of the conceptual
model proposed in this work.
The Brazilian Federal Law 2012/12651 determines that every rural
private property has to set aside from 20 to 80% percent of its total area
for forest management. This area is legally defined under the regulation
as Legal Reserve (LR), and its aim is to ensure some economic and
sustainable use of the rural property's natural resources and simultaneously promote its biodiversity conservation. The delimitation of the
LR area is set forth in articles 12 and 13 of the law. Property owners
have to plant only native forest species to compose the vegetation cover
in the LR area.
The mandatory percentage of the total area on rural properties in
the state of São Paulo to be maintained as LR is 20% (Zakia and Pinto,
2014). Most of the rural properties in the state do not have enough
vegetation to fulfil this obligation. For these cases, the law establishes
that the property owner must conduct some form of induced restoration, natural regeneration, or a combination of both until 20% of the
property is covered with a legally reserved forested area (Zakia and
Pinto, 2014). The LR area can be used for commercial purposes subject

2
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http://www.sigam.ambiente.sp.gov.br/.

Table 3
Simulator database overview.
Data type

Quantity

Data available, used by the simulator

Number of property units
Number of municipalities

324.000
646

Phito-ecology units
Species

1597
250

Maps
Maps, total area, priority area, land
PRICES
Climate data as temperatures, rain,
evapotranspiration etc.
Maps, area, species adaptation
Wood technical data, growth models,
taper models, BDH distribution models,
etc.
Species combination rules
Diameters, prices, markets
Production curves, prices
Costs, inputs, labour hours, machinery
needed, etc.
Interest rates, payment conditions, etc.
Interest rates, payment conditions, etc.
Location, capacity, seedlings of each
species
Location, capacity

Wood products
Non wood products
Silviculture operations

4
10
50

Insurance data
Funding options
Available nurseries

1
20
208

Available sawmills
Number of tables in the
database

156
80

Fig. 2. Essentials of the case study.

Action learning recognizes that in the absence of any insight (Q), programmed knowledge (P) is not sufficient to solve the described problem. Therefore, good propositions cannot be applied to the problem
until insightful questions are asked. That is to say, P is necessary but, in
the absence of Q, is not sufficient.
In the context of this work, the theoretical content described in
Section 2 could be referred to as programmed or predisposing knowledge (P). The insightful questions (Q) could be stated as (i) ‘what information is essential and sufficient to monitor?’ And (ii) ‘how is the
monitoring process organized to become effective?’ During the designing process, we detailed the original question about data to define
precisely what variables we should measure to calculate the ecological
indicators. Similarly, we detailed the question about processes to determine when, why, and how each variable would be measured.
The action of learning fundamental concept provides the foundations for building the conceptual model presented in this work. The
development process guarantees the building of a conceptual model
that is simultaneously useful for the case study and generalization.
Fig. 2 shows the main forest restoration phases predicted in the case
study. It essentially resembles the planning process depicted by McDill
(2014) in Fig. 1, except for the need to detour after the monitoring
evaluation component to either correct on-going activities or reset
planning parameters.
The presentation of the conceptual model shows fundamental
components, with their corresponding breakdowns and generalization.
For the sake of clarity, the breakdown of each fundamental component
splits into two parts, planning and monitoring, with the precise identification of the many planning actions and events involved.

possible alternatives of forest restoration available to each landowner
depending on where the property is located. This DSS supports the
policy formulation as it turns possible the simulation of forest restoration alternatives under different hypothesis.
The “Restoration Scenario Simulator” needs a large set of parameters to allow the simulations. A group of researchers, mobilized by
SMA, from different knowledge areas carefully prepared these parameters. They are based on research data and a few restoration experiences we have in the country. All of them must be updated as soon as
we have data from reality to support it.
A monitoring system is under development to complete the
knowledge they need to update the parameters and support the entire
restoration process (Rodrigues et al., 2013). The aim of the system is to
gather data, and interpret them to (i) get feedback for the Legal Reserve
Technical Recommendation Module and (ii) recommend adaptive actions (Adaptive Management System). In addition, the state needs to
verify the effectiveness of the plan to adjust the policies (Table 3).
The monitoring model in the case study aims to check what has
been actually done and verify whether forest restoration policies are
stimulating changes and how effectively they have promoted forest
restoration. The monitoring parameters will be iteratively recalculated
to set new scenarios for the analysis of the subsequent cycles predicted
in the environmental and forest policy DSS and to prescribe the need for
policy revisions.

3.2.1. Planning and monitoring processes
Fig. 3 shows a diagram for the policy implementation of the case
study. The monitoring process gathers data from the fundraising phase
until final operational activities in the field. The system translates data
received from the inspection team and other controlling processes into
interpreted outputs that are then stored in a knowledge base.
The next step involves evaluation of the monitoring iteration.
The evaluation checks for (i) goal achievement, (ii) acceptability of
intermediate results, and (iii) adherence to recommendations by
landowners. The assessment of the goals triggers the reformulation of
the policies. Plantation inspection triggers the review of technical
recommendations, and intermediate results trigger the “Adaptive
Management System” to recover or improve actual plantations.
These actions are identified as “Evaluate the monitoring iteration” in
Fig. 3.
The success of this first phase relies on:

3.2. The fundamental components of the model
Fundamentally, the conceptual model is developed following an
action learning approach. The action learning approach was idealized
by Professor Reginald Revans during the 1940s (Revans, 2014). According to Waddill and Marquardt (2003), who conducted an extensive
review of the theme, the power of action learning is its wide-ranging
application to both learning and action. Practitioners and theorists from
diverse disciplines, including science, embrace its practical effectiveness.
Revans (2014) proposed a very basic equation to express learning
(L):

(i) organized gathering of each iteration data,
(ii) adequate interpretation of data gathered,
(iii) prioritization of resources to trigger immediate adaptive management action,
(iv) continuous revision and reformulation of policies for next planning
cycle.

L=P+Q
where P is the acquisition of programmed knowledge and Q is insightful
questions.
Action learning offers a useful starting point to treat problems in the
real world when no solutions have yet been envisioned (Revans, 2014).
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Fig. 3. Planning and Monitoring processes.

At this stage, the main stakeholders are individuals involved in the
process as system developers, system users (landowners and technical
assistants) and forest experts.

3.2.3. Breakdown of the monitoring component
In the case study, landowners are required by law to perform a sequence of steps to unlock the restoration process itself and its operations. Firstly, the landowner has to register the property with the “CAR
– Cadastro Ambiental Rural” (Rural and Environment Register), in
which a geo-referenced map of its property is required. The landowner
declares the Legal Reserve (LR) area portion inside the boundaries of
the property.
Secondly, landowners have to access the - Legal Reserve Technical
Recommendation Module to perform a small series of choices, according to their preferences, and to generate the pre-approved restoration project. Landowners can make adjustments in this project
according to their local needs and submit them for SMA approval.
Once approved, a restoration project in accordance with the nature
of the landowner's property is ready to be issued. Called PRA –
Environment Restoration Plan, this project complies with Brazilian laws
12.651/12 and 7.830/12 which will be submitted with the support of
another SIGAM module.
Thirdly, the landowner has to seek alternatives to fund the operation. Landowners can use their funds or request them from state or
private banks. No IT module supports this subprocess completely.
Finally, according to the PRA - Environment Restoration Plan
module, a report gives a schedule of restoration to produce an
“Inspection Plan” that meets the inspection teams' availability. The
inspection team visits the properties and measures what was planned to
be measured.
The subprocess, “Trigger Report,” produces reports describing how
landowners performed each action (Fig. 5). The answers from landowners about the reasons for non-performed actions can come through
by sample gathering or by census according to the available resources.
After reading the response, the Data-Treatment subprocess must process
and save them in a structured format in a knowledge base.
The “Inspect area” subprocess should produce a diagnostic of each
land property according to at least KPI (key performance indicators)
required by forest regulations, such as (i) sapling quality, (ii) the
amount of sapling, and (iii) basal area. Additionally, the technical
support team will measure more variables to feed the rule calculations
of the adaptive management, such as the sequence of silvicultural operations the landowners made and corresponded inputs they applied.
The rules are based on barriers the ecosystem must overcome to
achieve the predefined levels of restoration (Durigan and Ramos, 2013;
Rodrigues et al., 2013). For each set of values of the indicators, the

3.2.2. Breakdown of the planning component
A breakdown of the planning component allows a proper design of
an integrated monitoring. It is important to see in Fig. 4 that there are
two distinct subdivisions in the planning process separated by an intermediate sub-process, “Policies: review guidelines.” The first subdivision regards the “scenario analyses” and the second relates to “revisions of a set of policies”.
The first subdivision, “scenario analyses” has two important components before the first simulation cycle:
(i) Gather new parameters. Many of them come from internal systems,
and others come from external sources.
(ii) Update parameters, such as priority areas, possible costs, prices,
market information, and production models (update production
equations using updated data from monitoring process).
The intermediate sub process, “Policies: Review Guidelines,” focuses on results and reports coming from the critical IT-based sub
process, “Scenario Analyses” and “Simulation”. Policy makers reach
mutual consensus on guidelines for the next steps during public hearings and workshops.
In the first iteration of planning, parameters come from a database
organized by the best estimations the experts' team of the State
Department of Environment could get. From the second iteration on,
the database is updated accordingly to adjustments produced by the
monitoring module. In the next section, a breakdown of the monitoring
module is presented to provide the details that will guarantee the
proper updating of the database.
The second subdivision, “revisions of a set of policies”, comprises
the policies' definitions, which are independent of each other, even
though the same parameters are used to support all of them. From
what we observed during research, typically, in the region, those
definitions are prepared in consensus meetings and tend to be not
based on the information. From the first iteration on, data will start
constituting a first knowledge base that must be done according to
the specifications to gain the confidence of São Paulo State leadership.
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Fig. 4. Breakdown of the monitoring component.

system recommends one sequence of actions to correct the regeneration
course. Table 4 contains some examples of these adaptive management
rules.
From the “Report on funding” subprocess on, there are no IT resources to support the process. SMA is projecting the further modules of
the system. In this first version of the monitoring application, the
system will follow the rules and provide a recommendation. However,
the system is not going to change the rules automatically according to
the results because there is no enough knowledge to do it yet. It will be
a user subprocess performed by local researchers to analyse the results
and propose revisions to the rules.
Fig. 6 describes the details of the adaptive management subprocess
showing how researchers follow and review rules. Each inspection of
each land property, which happens in a monitoring iteration, admits an
adaptive management subprocess. When it is completed, i.e., when all
land properties are properly inspected in the actual iteration, the
system is ready to check the goals.
According to the actual view of the policy makers, the main KPIs are
as follows:

reasons;
(iii) the sum of the area has surpassed each barrier of restoration per
age of planting;
(iv) an average of restoration performance indicators (basal area, the
amount of sapling, and quality of sapling).
All ecological indicators should be available per region and other
dimensions present in the knowledge base, including at least sub-regions, counties, municipalities, types of funding, and the technical
support team. This information is going to be used to review the set of
state policies as Fig. 5 demonstrates. Depending on which dimension
group the available indicators is, policymakers can also have the effectiveness of (i) technical support teams, (ii) the funding process and
(iii) IT resources used in the process.
4. Results – a generalizable model
The model described in the previous sections serve as a framework
to conduct the monitoring component of the forest restoration program
fostered by the government of the state of Sao Paulo in Brazil. To describe the generalizable model, we use some terms defined according to
Table 5.

(i) the sum of the area implanted in the year;
(ii) the sum of the area stopped in each step of the process and the stop
130

Fig. 5. Breakdown of the monitoring component.

We can describe the generalizable model (Fig. 7) by using previous
definitions as follows:
Firstly, the system recovers all GeoUnits and separates the units in
which status has changed since the last analysis. Each GeoUnit brings
the information on which step of the whole forest process it has
stopped. There are two types of steps:

types of manual tasks. The aim of each reporting procedure is to report
the status of each unit in a step that is being analysed.
In the side of operational steps, each visit will produce data that
should be input into the database. On the other hand, a report step
should produce an answer for each GeoUnit, which also should be input
into the database. This data constitutes the “operational database”. On
both sides, the next step is “Data Treatment” to transform data into
structured knowledge to further use as planning parameters.
In the operational side, after “Data Treatment”, “Adaptive
Management” is the next subprocess, which comprises a technical recommendation to correct the progress of the analysed GeoUnit, if
needed. Treated visiting information and stored rules are the foundation for the recommendation.
When all units are analysed, the system can proceed to Policies
Revisions. This subprocess cannot be fully automated, but IT tools can
actively support it. Over the time, the data treatment process might be

(1) an operational step when a technical visit is needed;
(2) a report step when only a set of questions must be answered online
or offline, entirely IT-supported or not.
If for a specific GeoUnit, the next step required is an operational
one, the “Optimized Visiting Plan” process is triggered; if not, a reporting procedure for that step is triggered. A reporting procedure can
be a query in other modules of the same system, or a query over external systems, even an email or a list of telephone calls or any other
Table 4
Examples of Adaptive Management: Atlantic Forest Restoration according to Zakia (2013).
KPI – key performance indicators (2)

Verifiers: minimum values

Adaptive management

Percentage of invasive grasses
Invasive tree species
Invasive shrub species
Land cover with native species
tree species basal area (DBH > 5 cm) 200 m2 plots
Tree species diversity

25%
Absent
Absent
75%
18,75 m2
20

Grass control (chemical or biological control depending on other KPI values)
Invasive species control (mechanical methods)
Invasive species control (mechanical or chemical methods depending on other KPI values)
Replantation
Thinning or re-planting depending on other KPI values
Enrichment or seeds bank transposition depending on others KPI values
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Fig. 6. Adaptive management.

improved based on experience. Data, after being treated, is transformed
into information knowledge upon which Policies Revisions will be
done.

land unit (Reynolds et al., 2016). It is crucial to have interventions and
correlated outcomes precisely registered for the purposes of adaptive
management (Bodini, 2012). Hence, the system can suggest changes
regarding technological recommendations for the next planning cycle
(Bagstad et al., 2013; Hujala et al., 2013; Tyndale, 2002). Also, urgent
actions to fix problems affecting the growth of the plantation can be
triggered (Cortés et al., 2001; Durigan and Ramos, 2013; GaticaSaavedra et al., 2017; Plunkett, 2001) (Table 6 – recommendations 2, 3,
4, 5, and 6). However, fixing silvicultural operations of fast-growing
species once plantations have been established in Brazilian restoration
projects can be challenging. The effectiveness of the adaptive management approach will also depend on the allocation of sufficient
amounts of resources.
It is important to emphasize that the knowledge base is a central
entity in both the planning and monitoring processes (Dickinson et al.,
2016; Ekbia and Reynolds, 2007; McElroy, 2000; Vacik et al., 2013).
The two most critical activities in the whole process are data treatment,
one of the activities pertaining to the monitoring component (Fig. 5),
and prepare parameters, another activity in the planning component
(Fig. 4), listed as recommendations 7 and 8 of a conceptual model
(Table 6).
The continuity of the cycle, which guarantees the improvement of
the forest operations, depends on the integration between monitoring

5. Discussion
Throughout the design of the model process, we used a set of
checkpoints extracted from the literature review and presented in the
previous sections. In this section, we discuss whether the resulting
model meets the recommendations claimed in the literature review.
The fundamental components (Fig. 2) and the breakdown of the
planning component (Fig. 4) set the basis for the formulation of a
generalizable model. The diagram for the breakdown of the planning
component indicates that the planning parameters must come from the
knowledge base. Accordingly, the diagram for the breakdown of the
monitoring component (Fig. 5) shows that data derived from monitoring processes should be entered into the knowledge base only after
it has been arranged and checked properly. This sequence guarantees
that the policies can rely on real-world knowledge as recommended by
Rist et al. (2016) and Vacik and Lexer (2013) (Table 6 – recommendation 01).
The breakdown of the monitoring component (Fig. 5) shows that the
model considers which interventions have been implemented in each
Table 5
Terms and definitions.
Terms

Definitions

Forest process

A sequence of events related to forestry or the environment that happens in the field or an IT system context involving stakeholders, such as policy makers, IT
resources, technical teams, landowners, or researchers.
Each repetition of a piece of a process is called an “iteration,” and the results of one iteration are used as the starting point for the next iteration.
A forest process happens upon a set of forest geographic units - GeoUnits. This can be farms, regions, stands, watersheds and so forth. In our generalizable model,
we consider we have U units from 1 to u.
The responsibility for each unit should be to perform a sequence of different steps; this sequence constitutes an iteration. In our generalizable model, we consider
we have S steps, from 1 to s.

Iteration
GeoUnit
Steps
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Fig. 7. Generalizable process model.

and planning. In the proposed conceptual model, integration is ensured
if planning updates come from the monitoring process itself as the
knowledge base evolves (Blount et al., 2016; McDill, 2014; Rauscher
et al., 2007; Vacik and Lexer, 2013).
The inclusion of the monitoring component in the conceptual model
became a principle proposed by Rauscher et al. (2007) and was embedded in a FMDSS following the guidelines established by Albert et al.
(2015) and Reynolds et al. (2016). The resulting DSS allows decisionmakers to rely on a knowledge base supported by real-world information, which implements recommendations 1, 9, and 10 Table 6 as described by Rist et al. (2016) and Vacik and Lexer (2013).

Naturally, not all available knowledge becomes stored in the
knowledge base, and there will always be non-internalized knowledge
guiding decision-makers in different directions (Nemati et al., 2002).
Additionally, in a forest restoration context, the long-term accumulation of contradictory knowledge can misguide the knowledge creation
process. Therefore, the conceptual model proposed here emphasizes the
need for a continuous update of the data treatment and parameters
preparation rules.
Bodini (2012) recommends the development of FMDSS supported
by information technologies (IT) tools. The case study considers the
existence of > 40,000 restoration projects, and the use of IT tools

Table 6
Checking points of literature recommendation.
01
02
03
04
05
06

Planning and Policies rely on knowledge
Consider activities or interventions
Data interpretation component must be integrative
Continuous intelligent monitoring
Can maximize the performance of a process and minimize the impacts of
faults
Has critical trigger points to ensure that corrective actions

07

Organizing data from previous processes

08
09
10
11
12

Gathering knowledge during the monitoring process
Translated into a user-friendly DSS
Computerized tools can be developed
Systemic model that represents the real systems
Clarify the uncertainties

13

Has a limited number of indicators that are repeatable, sensitive to change, and
affordable
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becomes the only viable way of dealing with a large amount of input
data, the complexity of the data treatment, the territory extension, and
the long duration of the project (Table 6 - recommendations 10 and 11).
When it comes to reducing uncertainties associated with the decision-making process, as required by Reynolds et al. (2016), we argue
that our conceptual model overcomes this challenge by interpreting the
results of previous management cycles and updating the knowledge
base to reduce future uncertainties in the next management cycle
(Table 6, recommendations 13 and 14). Furthermore, the inclusion of
ecological indicators in the monitoring component proposed by Chaves
et al. (2015) becomes a source of risk reduction and precautionary
action.
The conceptual model described here is generalizable and applicable beyond the realms of FMDSS. Its development, as described here,
reveals guidelines that can be followed when dealing with similar situations. Even though cases are always different one from another in
some particularities, as stated by Rohde et al. (2016), the generalizable
principles used to develop the conceptual model result in continuous
intelligent monitoring processes that make the systems adaptable to
apparently dissimilar situations.
As seen in the discussion above, each subprocess and each aspect
imposes specific challenges, leading to situations where the development of information system projects still fails to deliver sufficient
benefits (Rohde et al., 2016). Conceptual models that integrate adaptive planning and monitoring processes, supported by an auto-updatable knowledge base, mitigate the risk of such failures, especially when
the comprehensive gathering of well-established references for the initial knowledge base is well conducted at the beginning.

studies and situations are triggering further research and evaluations.
As prescribed by the process itself, these tests are producing new references potentially useful for the improvement of the current knowledge base used by the conceptual model in the state of São Paulo. Given
the adaptive nature of the proposed conceptual model and its high level
of resilience, the expectation is that the system will survive the implementation phase and become an efficient way to help the Brazilian
government achieve its forest restoration targets and commitments.
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