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Introduction

It cannot be overstated that any assessment of the growth and developmental trend of a 
certain tree species must be grounded on a good understanding of its optimal growth 
potential under favorable environmental conditions at the planting site. This enables 
monitoring to prompt management to adopt supporting measures (termed adaptive 
measures) when the observed trends diverge from the potential ones (Nichols and Wil-
liams, 2006; Le et al., 2012; Hutto and Kowalski, 2006; Susskind et al., 2012). Efficient 
monitoring thus provides essential experience and knowledge for scaling up or planning 
future planting initiatives (Kanowski et al., 2010; Derh�e et al., 2016; Guariguata and 
Evans, 2020). Monitoring also generates information that contributes to transparency 
and accountability (Benayas et al., 2009) and comprehensive reporting to investors on 
performance.
From these considerations, it is evident that monitoring should be integrated in plan-

ning and implementation of tree planting interventions (Field et al., 2007; Lindenmayer 
and Likens, 2010a, 2010b; McDonald-Madden et al., 2010; Susskind et al., 2012). 
Moreover, it is crucial to define the scope of monitoring (McDonald–Madden et al., 
2010), as this may require different methodological approaches, intensity, and equip-
ment (Hutto and Belote, 2013).
Timing is another aspect of monitoring. Early monitoring (during the initial phases 

of tree growth and development) allows for the investigation of the correlation among 
intrinsic factors (i.e., genetics) and extrinsic factors (i.e., environmental) that regulate the 
growth and development pattern of the tree species under examination. Monitoring 
planting performance and investigating the biological aspects of tree species’ life cycles 
are not mutually exclusive (Geupel et al., 2011), but rather synergistic processes. 
They both contribute to selecting tree species capable of exhibiting their optimal growth 
and development on specific types of sites.
Increasing commitment to monitoring planting performance in forestation (i.e., 

renewal and restoration) is essential. Given the significant investment of time, effort, 
and money in forest restoration programs in particular (Menz et al., 2011), it is crucial
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to establish standards of practice for monitoring restoration effectiveness. Over the past 
2 decades, the literature on monitoring methodology and objectives, especially in forest 
landscape restoration initiatives, has expanded considerably, making a comprehensive 
summary impractical here. Interested readers are encouraged to explore this topic, 
beginning with the work of Hutto and Belote (2013), which categorizes monitoring 
into four broad types with different objectives: Surveillance, implementation, effective-
ness, and ecological effects.
This chapter is focused mainly on monitoring to characterize early assessment of tree 

planting performance (i.e., the outcome of planting activities) and therefore will not deal 
with other outcomes of restoration related to ecosystem services such as soil and biodi-
versity protection, carbon sequestration, and socioeconomic issues. Rather, we deal with 
outcomes of efforts by practitioners engaged in planting trees. We intend to draw atten-
tion to the importance of extending monitoring beyond the initial outplanting phase un-
til the trees complete their exponential growth phase and enter their mature and 
reproductive phase. This necessity arises from the awareness that many forestation ini-
tiatives have failed due to limiting monitoring activities to the initial phase following 
the planting of the seedlings, focusing only on early survival. Additionally, we emphasize 
the efficiency of a reduced number of easily measurable morphological and physiological 
indicators that reliably indicate the progress of growth and developmental trends (Menz 
et al., 2011; Abiyu et al., 2016; McDonald et al., 2016; Guariguata and Evans, 2020).

Talking extensively about goals and commitments, and remaining 
silent about failures

In recent years, many governments and nongovernmental organizations around the 
world signed the UN Decade on Ecosystem Restoration Declaration and the Bonn 
Challenge/New York Declaration on Forests, committing all signatories to restore by 
2030 a total of 350 million ha (a value exceeding the land area of India) of deforested 
and degraded land. Most commitments anticipated tree planting where appropriate. 
These commitments aimed to absorb several billion tons of carbon dioxide from the at-
mosphere (Chen et al., 2015; Kongsager et al., 2013). Although that will not halt the 
number of climate disasters annually recorded in various parts of the globe, it certainly 
could help offset further emission of carbon that steadily continues to be produced by 
human activities. While planting trees helps offset further carbon emissions (FAO, 
2010), only contemporaneous halting of deforestation could have a major impact on 
the climate crisis (Ehrenberg, 2015; Lewis et al., 2019; Cook-Patton et al., 2021). 
There is a discrepancy between commitments and goals on the one side and the real 

effort and results on the other side in many international, regional, and national programs 
of forest restoration, afforestation, or reforestation. Media, corporations, and influencers 
persist in promoting tree planting projects worldwide with overly enthusiastic fervor
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(Kumar et al., 2015; Hanson et al., 2015; GPFLR 2019; WRI, 2019; Mwangi and 
Evans, 2018; IUFRO, 2019), often involving thousands of volunteers in restoration ac-
tivities. When commitments and high expectations meet reality, unfortunately, many 
programs fail to achieve their initial targets, in terms of the numbers of planted trees, 
that have been set to impress the public (Iveti�c et al., 2021).
Many large tree planting initiatives lack a monitoring plan, as well as a management 

plan. They fail to understand that the establishment of a new forest is much more than 
simply planting seedlings. Although successful planting is crucial, it is just the first step 
that needs to be followed with years and decades of forest management to be fully suc-
cessful. As a result of public enthusiasm and support, a billion seedlings are dispersed 
yearly on lands abandoned by agriculture or in degraded forests, only to be largely 
forgotten once the volunteers return home or the donor funding terminates. Because 
of abandonment, the vast majority of these tree planting initiatives fail within a few years 
(Br�eteau-Amores et al., 2023) or fall short of expectations (Dudley et al., 2005), discour-
aging investors and raising doubts about the worth of tree planting (https://spades.life/). 
Unfortunately, a rigorous estimate of global tree planting failures is impossible as such 

failures are rarely reported, leading to a positive bias toward tree planting activities 
(Thomas et al., 2015; Dudley et al., 2005). Even in regular forestry practice, success is 
not guaranteed. In Sweden, for instance, less than 80% of regeneration areas met the re-
quirements to be considered successful, and in southern Finland, less than 60% met the 
threshold (Nilsson et al., 2010).
In case of failure, the usual outcome is to look for someone to blame, investigate the 

reason for failure, or both. The best outcome is to start a learning process and identify 
the drivers and causes of failure that can be avoided in the future. In Serbia, for example, 
the responsible government body will not pay out subsidies for tree planting if a certain 
threshold is not reached (Table 8.1). In the US, landowners are asking for reimburse-
ment for their loss if the survival rate is below 50%; too often, low survival is due to mis-
takes made after the seedlings leave the nursery (South et al., 2023). In Ukraine, forest 
plantings with a survival rate of 25% or less are considered dead and are subject to write-
off (Taras Parpan, contribution to the questionnaire 1 ). However, there are also other, 
positive, examples like in France, where if mortality is due to abiotic factors (or to excep-
tional drought), the contractor is not liable, and some funding programs maintain the 
subsidies despite failure (Catherine Collet, contribution to the questionnaire).
Another consequence of failure is the loss of enthusiasm and support from stake-

holders for planting projects, as tree planting activities often depend on this type of 
commitment.

1 We surveyed PEN-CaFORR participants on regeneration practices in their respective countries. 
Specific answers are credited to the contributor
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Table 8.1 Definitions, thresholds, and requirements for planting to be recognized as successful across 
Europe.

Austria

Forest regeneration is considered assured if it has grown through at least 
three growth periods, has a sufficient number of plants according to forestry 
requirements, and there is no discernible threat to further development.

Belgium
(Flanders)

The amount of the subsidy for re- and afforestation depends on the surface 
planted, provided that a maximum planting distance is respected (i.e., a 
minimum number of plants per ha).

Bosnia and 
Herzegovina 

A sufficient number of plants according to forestry requirements.

Croatia There is no official definition of planting success. The success is defined by 
representatives of the contractor and the client inspecting the site and 
recording it in a written acceptance note.

France There is no legal definition of planting success. Different rules are usually 
applied, which may be defined either by the contract written between the 
landowner and the contractor or by the funding program. Planting success is 
generally assessed through seedling survival, with a threshold of 80%.

Greece The minimum seedling survival rate of 70% without irrigation and 90% with 
irrigation.

Hungary The forestry authority checks the number and distribution of trees with 
appropriate quality of target species.

Italy Differs between regions and autonomous provinces. In Tuscany, for example, 
the threshold for any planting project is a survival rate of >90%. However, 
in reclamation of mining areas, success is determined by the specific project 
requirements and approved by the relevant local authorities.

Latvia Number of trees per ha planted/survived.
Lithuania Well-planted plantations are considered to be those whose seedlings were of 

high quality, the density of plantations is in accordance with the norms, or 
less than 5% of the specified, planted well, and less than 10% of the planted 
trees died or were severely damaged.

Norway The minimum density target of 500–1500 seedlings ha -1 according to site 
index, though optimal target densities are also indicated. Both natural 
regeneration and planting are allowed. In a conifer plantation, at least 10% 
of the regeneration should be deciduous species.

Serbia The minimum number of seedlings per ha depends on environmental 
conditions.

Spain Minimum admissible survival rate, expressed in the project.
Turkey Having an 80% seedling survival.
Ukraine Success is determined through technical acceptance, inventory of forest 

cultures and plantations, certification of nonclosed forest cultures, and the 
transition of forest cultures to forest-covered lands.

United
Kingdom

Stocking density and species present after 10 years.

Source: The questionnaire produced by the PEN-CAFoRR Network. Full table is available on request to the authors).
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Definition of success and failure of a tree planting initiative

Tree planting for reforestation and forest restoration is traditionally defined as a dynamic 
process, defined by Grossnickle (2000) as of a set of successive events consisting of three 
phases: (1) Planting, (2) Establishment, and (3) Transition to adult stage. For practical 
reasons, however, we split the tree planting process into two phases: (1) Establishment 
and (2) Building phase that includes both the resumption of growth and development 
and the transition of the young tree to its adult stage.
Besides examining how monitoring of these two phases can be implemented, we also 

assess the efficiency of specific monitoring tools that seem to be independent of the type 
of forestry activities to be monitored and provide indications for supporting, if necessary, 
sustainable management interventions. The definition of success and failure, the assess-
ment methodology, and the indicators differ depending on the phase of development of 
the new forest. Although this chapter is focused on the establishment phase, a short over-
view of assessment of forestation success over a long term gives the reader a context for 
different measures of success that depend on the forest development phase.

Success and failure of the establishment phase
Seedlings enter the establishment phase when they start to respond to site conditions, 
their roots establish contact with the surrounding soil, and the seedling begins to use 
soil resources rather than seed resources for growth (Grossnickle, 2000, 2005). In this 
phase, both extrinsic (i.e., environmental stresses) and intrinsic (i.e., seedling genetic 
properties) factors play a critical role in conditioning seedling survival and the onset of 
growth and development. In a practical sense, the establishment phase is sometimes 
called the ‘regeneration stage’. Unfortunately, there is still no consensus on when 
the establishment phase should be concluded. In some cases, the establishment phase 
ends when seedlings reach a specific size threshold (e.g., height of 1.3 m as suggested 
by Nilsson et al., 2010). Alternatively, the end is considered to coincide with the for-
mation of a relatively closed tree canopy (Kanowski and Catterall, 2007), or after a 
specific period of time (3–5 years) after outplanting. Because the tree canopy is incom-
plete during the establishment phase, the level of competition with other plants in-
creases and exacerbates the effect of a number of environmental stresses 
(Grossnickle, 2000). Both these two conditions could be prejudicial for seedling sur-
vival at early stages.
A seedling is considered to be established when it starts to grow using the environ-

mental resources after surviving any transplanting stress. This is the reason why survival is 
the most common measure of early success in forestation programs. Other measures 
include seedling growth and the area planted compared to the target area. Based on 
the importance of these three indicators, we can define early success in any planting proj-
ect (Box 8.1).

Assessment and monitoring of early tree planting success 279



BOX 8.1 Example of analysis of the factors responsible for failure or 
success of Pinus nigra seedling establishment (Vladan Ivetic; and 
students).

a) Review of records (pictures and video) gathered during the planting operations can be very 
helpful in case of failure or high seedling mortality. For example, it is possible to understand 
from the analysis of records if mechanical damage and improper planting depth (shallow 
planting) were caused by workers.

b) Cross-referencing the data of damage exhibited by the seedlings with the recorded climate 
data can deduce any interactions. For example, despite that the symptoms of drought are 
sometimes easily recognized, a cross-reference with climate data helps in deriving the 
correct conclusion. The picture on the left (below), taken in 2011, shows a dead seedling 
when precipitation (blue line) was only 65% of the normal average (green line in the 
middle) (adapted from Iveti�c, 2015). Records of extreme drought (right, area marked with 
hatched red lines, https://www.hidmet.gov.rs/data/agro/SPI.pdf).
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In some European countries, planting success is defined by law or official rules, while 
in others it depends on specific project requirements, or it is subject to the agreement 
established between the different parties involved in the decision processes. This situa-
tion explains why in Europe there is a commonly accepted value of “minimal survival

Box 8.1 Example of analysis of the factors responsible for failure or success 
of Pinus nigra seedling establishment (Vladan Ivetic; and students).— 
cont'd

c) Evidence of death caused by improper planting. Pictures taken in March 2015 (left) and in 
August 2015 (right).

d) Evidence of a proper or improper manipulation of seedlings during planting. Seedlings are 
maintained with their root system protected in a bucket filled with a mixture of water and 
humus (left) and seedlings with roots unnecessarily exposed to sunlight and air before 
planting (right).
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rate” as an indicator of the success of the established phase, with values ranging between 
70% and 90% (Table 8.1).
To be successful, any program needs to meet the targets and goals set at its initiation 

and planning phase. If these targets and goals are not achieved, the program is considered 
a failure, which can have various severity levels, causes, and consequences. A failure can 
be total when a project needs to be canceled or restarted from scratch, or a program can 
reach the numbers just below a targeted threshold when a simple action such as extend-
ing a deadline or replanting are enough to turn it into a success. The consequences can 
be numerous and depend on the level of failure; the causes of failure will be discussed 
more extensively in section 8.5.

Success and failure of the building phase
The success of the building phase can be correctly evaluated only with reference to a 
well-defined set of ecological criteria, comparison to the characteristics of a reference 
forest ecosystem, or both. The building phase is successful if it:
- improves ecosystem functions, such as recovery of nutrient cycling, carbon sequestra-
tion, water regulation, soil stabilization, and timber production (Blignaut et al., 2014; 
Hobbs et al., 2011);

- contributes to the reintroduction of species that play strategic roles in the structure and 
functioning of ecosystems, such as seed dispersers, pollinating insects, and predators 
(Jones and Schmitz, 2009);

- balances costs and results, allowing the planned ecological and social outcomes to be 
achieved with the financial investments and human resources made available (Reyers 
et al., 2012);

- remains economically viable over the long term, generating benefits that outweigh 
ongoing costs, ensuring continued support and investment from stakeholders (Murcia 
et al., 2014);

- increases the level of biodiversity in a restored area, measured as an increase in species 
richness and diversity, establishment of native vegetation communities resembling 
those of the target ecosystem (Chazdon, 2014);

- involves local community participation in restoration activities, including participa-
tion in planning, decision-making, and implementation processes (Bautista et al., 
2017);

- contributes to improving the economy of communities through employment oppor-
tunities, management practices, and access to the benefits deriving from ecosystem 
services (Hockings et al., 2000); or

- promotes social well-being and reconnects indigenous people with cultural practices 
and land heritage (Ban et al., 2013; Bautista et al., 2017).
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Contrarily, the Building Phase is considered a failure if it:
- reduces ecosystem functions by failing to restore essential processes, arresting the 
degradation of soil, water, and air quality, and counteracting the decline of ecosystem 
resilience to disturbances (Higgs, 2017);

- induces a loss of biodiversity indicated by a decrease in species richness and diversity, 
or by the dominance of nonnative or invasive species that disrupt the structure and 
function of the ecosystem (Simberloff et al., 2013);

- contributes to increasing habitat fragmentation by inducing a loss of connectivity be-
tween restored areas and by limiting the ability of species to disperse and colonize suit-
able habitats (Lindenmayer & Fischer, 2006);

- loses community support as a consequence of inadequate communication, consulta-
tion, or consideration for the needs, interests, and rights of local communities which 
leads to cultural erosion and loss of social cohesion (Berkes et al., 2000);

- becomes financially unsustainable by failing to convince stakeholders to provide 
adequate financial support for the project’s management (Suding et al., 2015);

- does not generate tangible economic benefits for local communities or fails to high-
light to a wider society the increased economic value of services provided by restored 
ecosystems (Turner et al., 2016); or

- fails to integrate into the developmental objectives of other sectors such as agriculture, 
energy, and infrastructure, which would benefit from increased synergy (Chazdon & 
Brancalion, 2019).

The reasons for failure – Why did seedlings die?

The most fraught moment in the entire operation of tree planting in forestation inter-
ventions is the resumption of growth and development of seedlings after outplanting 
(i.e., the establishment phase). Here, we briefly focus only on the abiotic factors govern-
ing establishment.
South et al. (2023) produced a list of over 50 factors not directly related to nursery 

operations that have been implicated in the low survival of seedlings in tree planting 
events conducted in North America, Africa, and Europe. The negative effects of most 
of these factors can be diminished or eliminated by using appropriate techniques (Iveti�c 
and Devetakovi�c, 2016). Here, we focus only on the most important factors affecting 
seedling survival from drought, improper planting, and damage by browsing, providing 
examples from different continents.
In Europe, severe droughts occurring between 1942 and 1954 in Spain necessitated 

large-scale replanting after massive seedling mortality (Vadell et al., 2016). Similarly, 
during 2010–2014, precipitation in Serbia was reduced to 65% of its normal (30-year) 
average and seemed to be responsible for reducing the survival rate to 61% for nine of 
the most used tree species in 90 reforested sites (Iveti�c, 2015). In 2018–2020 in France,
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nearly 89% of the seedlings planted perished mainly due to drought (Boutte, 2020). 
However, the length of the drought is important; if the drought period is limited to a 
short time, the risk of excessive seedling mortality is relatively lower than during 
extended drought (Helenius et al., 2002). In Central Asia (Mongolia), for example, Scots 
pine (Pinus sylvestris) seedling survival in the first year after planting corresponded 
directly to the number of dry days in May, confirming that humidity and water availabil-
ity are decisive factors for ensuring a successful tree planting (Sukhbaatar et al., 2020). In 
the southern USA, an increase in average rainfall has been related to an increase in the 
seedling survival rate (South et al., 2023).
Improper planting and handling have been observed under boreal conditions that 

negatively affect the survival of Norway spruce (Picea abies) and Scots pine seedlings 
regardless of planting season, region, or tree species (Pikkarainen et al., 2020). In Serbia, 
reforestation on 90 sites with nine of the most commonly planted tree species, improper 
planting induced seedling mortality of 21% (Iveti�c, 2015). In Finland, the quality of 
planting operations and the selection of planting sites has been shown to be the most 
important factors affecting seedling survival of Norway spruce and Scots pine seedlings, 
independent of the planting season (Luoranen et al., 2018).
Browsing by a variety of herbivores can affect establishment success. Poor seedling 

survival was due to browsing for five tree species planted in the High Tatra Mountains 
in Slovakia (Rep�a�c et al., 2011). A severe effect of browsing on Scots pine seedlings was 
reported at the beginning of the 2000s in southern Sweden, with a survival rate of Scots 
pine close to zero (Nilsson et al., 2010). This contrasts sharply with the fact that this tree 
has been the dominant species planted during the previous decades. In a survey of 90 
Serbian reforestation sites, herbivory caused seedling mortality rates higher than 50% 
for nine commonly planted species (Iveti�c, 2015).
These examples of the negative effect of some abiotic and biotic factors on seedling 

survival after outplanting call attention to the need for a commonly accepted procedure 
for controlling the events taking place during tree planting. Closely controlling the ac-
tivities of this important phase could avoid planting failures, suggesting to management 
the urgent need to intervene with supporting measures, including routine monitoring. 
During the recent conference ‘Reforestation Challenges 2018′ held in Belgrade (Serbia), 
Iveti�c (2018) suggested a monitoring framework that could help operators investigate 
the factors affecting seedling survival and suggest possible remedies.
The proposed monitoring framework (Fig. 8.1) has operators following a sequence 

of three actions: (1) evidence gathering, 2) data gathering, and (3) laboratory testing. The 
first action involves visiting the planting site if establishment failure is suspected to assess 
possible causes. During this visit, evidence, signs, and symptoms indicating potential 
damage related to seedling mortality are collected and documented. The timing of
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the field visit and evidence gathering is crucial, as signs and symptoms can disappear 
quickly.
The second action consists of a desktop analysis of all gathered data, including seed-

ling morphology, site conditions, planting techniques, silviculture operations postplant-
ing, weather conditions during and after planting, and any other relevant data potentially 
influencing seedling mortality. Analysis of data collected during the field visit (Box 8.1) 
is essential for investigating the causes of establishment failure, especially if monitoring 
visits are delayed (South et al., 2023). While seedling quality is considered the most crit-
ical factor for successful establishment (Grossnickle and MacDonald, 2018), analysis of 
data concerning other determining factors affecting seedling growth and development 
must also be considered.
In very complex situations (South et al., 2023), a third action may be necessary: arti-

ficially reconstructing in a laboratory the conditions and events hypothesized to have 
contributed to seedling mortality.

The methodological approach for monitoring the performance of 
tree planting initiatives

Monitoring the performance of a tree planting initiative represents a valuable tool that 
provides producers of planting material with feedback regarding how nursery protocols 
must be adjusted to increase seedling quality and obtain better performance in the field. 
In addition, monitoring provides useful indications to forestry operators on the planting 
methods used (i.e., time of planting, site and soil preparation, planting protocols, protec-
tion and supporting measures) and the necessary corrections to methods that ensure the 
success of the tree planting operations.

Planting 
site

Objects 
examination

Evidence 
collection

Sampling

Office

Data 
gathering
•Seedlings 
•Site 
•Planting 
•Silviculture 
•Weather 

conditions 
•Other events

Lab

Samples 
investigation

Hypothesis 
testing

Figure 8.1 A set of procedures for seed-
ling forensics. ((Adapted from Iveti�c, 2018).)
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The importance of establishing a monitoring timeframe
The timing of when to assess the success or failure of tree planting activities varies 
considerably across European countries (Table 8.2). Assessments are conducted as early 
as the end of the first growing season and up to 10 years after outplanting. In some 
countries, assessment consists of a single event, while in others it is repeated yearly, usu-
ally up to 5 years after planting. A single assessment made after the first growing season 
is usually accepted for practical reasons, for planting to be subsidized or paid for by the 
funding agency or customer as soon as possible. Such an early and single assessment, 
however, could miss important information on planting success in the establishment 
phase, as mortality of seedlings can occur years after the planting. Yet, early assessment 
is desirable from the perspective of forest nursery operators and planting contractors. 
For example, in France, there is a strong demand from planting contractors to assess 
the success of tree planting activities at the beginning of the summer (instead of 
October) in order to disentangle mortality due to seedling quality from mortality 
due to summer drought (Catherine Collet, contribution to the questionnaire.) So 
far, this request has not been granted.
Our comparative analysis of the current monitoring timeframe adopted in several 

European countries reveals that the early survival rate is the most common performance 
indicator used in the assessment protocols. However, it cannot be overlooked that there 
are also additional indicators used in France, Lithuania, Norway, Spain, and Ukraine. 
As an example, in Spain (Jos�e Ceballos Aranda, contribution to the questionnaire) 

during the first 5 years following outplanting, monitoring uses additional indicators 
such as the percentage of dead seedlings being replaced, an evaluation of the vegetative 
state of seedlings, and verification that the maintenance or complementary works (weed-
ing, harrowing, clearing, pruning, etc.) are implemented. This type of monitoring can 
be extended to 10 or 20 years.
In Ukraine, monitoring in temporary sample plots is limited to evaluating the growth 

potential of coniferous species based on the presence of a viable, healthy apical shoot, 
whereas for deciduous species, growth potential is based on the presence of dormant 
buds. In the case of mixed forest stands, these indicators are evaluated for all the main 
tree species (Taras Parpan, contribution to the questionnaire).
in Serbia, monitoring differs between tree species and planting methods. For direct-

seeded oak (Quercus robur), monitoring is based on indicators sampled after the first 
growing season. Good performance is considered when seedling height reaches 
15–30 cm and at least 1 seedling per square meter. Establishment is considered to be 
successful when seedlings survive and grow, and supporting species are present in 
the stand.
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Table 8.2 The synopsis of timing and methodology used for assessment of planting success across 
Europe.

Austria Three to 5 years after planting.

Belgium Assessment of mortality in years 3 and 4 after planting, expressed as a 
percentage of the initial number of planted seedlings.

Bosnia and 
Herzegovina

Assessment of survival rate in 2nd and 5th year after planting, by setting the 
field plots and counting surviving seedlings. The plot area is 0.05 ha
(r = 12.62 m). The distance between plots is 50–100 m.

Croatia Survival rate between the 2nd and 5th year of the plantation’s age.
France At least 90 days after planting, and after October 1st. Some funding 

programs require an assessment after 5 years to pay the total amount of 
subsidies. The usual method is to sample seedlings throughout the 
planting site, with the following thresholds of the number of seedlings to 
be sampled: (1) at least 3% of the planted seedlings; (2) in plantings with 
less than 10,000 seedlings, at least 10% of planted seedlings; or (3) at least 
100 planted seedlings, without clear definition on how the sampling 
should be performed within the planting site. Each seedling should be 
noted as “alive”, dead” or “disappeared”. During the survey, the main 
cause of death is usually recorded.

Greece In the 2nd year after planting, only seedling survival is measured.
Hungary Two years after the start of forest regeneration and at the end of the process, 

the number of tree seedlings was counted.
Italy At the end of the first growing season, a survival rate of >90% is verified in 

the field by comparing live seedlings per species with the numbers in 
documents attached to the project.

Latvia The number of trees counted in a square area of 25 m 2 , then multiplied by 
400. The number of sampling plots depends on the regeneration area. 

Lithuania In the seventh year of seedling growth, success is assessed according to the 
following indicators: quality of seedlings, quality of planting, density of 
planted areas, and quality of planted area protection. The overall quality 
is evaluated according to the lowest rating of all indicators. After planting 
or restoring a forest by seeding, the quality of forest regeneration is not 
evaluated.

Norway Species choice and whether it is the right species for the location, method of 
regeneration, seedling density, possible reasons for seedling mortality, 
and whether the 10% deciduous regeneration rule is fulfilled.

Serbia Mapping and measuring the survival rate after the first growing season. 
Spain Annual control during the first 5 years, carried out between October 15th 

and December 15th of each year. GPS estimations of surfaces according 
to repopulation stands. Checking working depth using a graduated depth 
gauge bar. Planting density through standardized plots (mostly circular of 
200 m 2 ) according to a preset sampling mesh. Vegetative state through 
visual verification of admissibility or inadmissibility.

Continued
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The traditional and innovative monitoring methodologies for analyzing tree 
planting performance
In a time of changing environments, increased pressure on forests and forestry, and 
decreasing availability of technical staff, the current protocols for early assessment and 
monitoring need to be improved. To suggest new approaches to monitoring planting 
success in Europe that could be widely applied, independent of tree species and environ-
mental conditions, requires a brief summary of the major monitoring methodologies 
(and their associated equipment) used worldwide. Three overlapping methodologies 
appear in the literature: (1) Digital tracking (DT), (2) remote sensing (RS), and (3) drone 
fly-overs (DFOs). RS and DFOs are often considered together as they utilize similar 
technology (references in Mahamoudou and Arakwiye, 2020; Reytar et al., 2020; 
Ruiz-Ja�en and Aide, 2006; Monie et al., 2013).
In spite of their similarities, these monitoring methods differ in the type of informa-

tion they provide. RS and DFO are used to investigate indicators that survey 
community-level parameters (Ruiz-Ja�en and Aide, 2006; Monie et al., 2013). DT inves-
tigates indicators related to the morphological and physiological properties of individual 
trees deriving from aspects of their growth and developmental trends (Mahamoudou and 
Arakwiye, 2020; Reytar et al., 2020). It is reasonable to expect that in the not-too-
distant future, RS and DFO methods might achieve improved sensitivity and resolution, 
allowing remote measurements of the properties of individual trees (Stanturf et al., 
2024). An interesting future technological advancement could involve all these methods 
(DT, RS, DFO) in the “swarming monitoring” approach, where artificial intelligence 
(AI) manages several monitoring units moving simultaneously among (or above) the 
trees in a stand.

Table 8.2 The synopsis of timing and methodology used for assessment of planting success across 
Europe.—cont’d

Austria Three to 5 years after planting.

Türkiye Seedling survival 1 year after planting using subsampling rows. 
Ukraine The inventory is conducted in 1-, 2-, and 3-year-old forest cultures and 

plantations by inspection, accounting, and measurements on established 
sample plots in the most characteristic areas. The following is checked: 
site allocation and plots design, the technology used, the scheme for 
mixing main and accompanying species and their placement, compliance 
of forest reproductive material with current standards, and the quality of 
the work performed. 

United
Kingdom

Year 9 or 10 after planting. Sometimes earlier in order to have time to make 
corrections and additional plantings. Trees ha -1 using circular plot 
measurements.

Source: The questionnaire produced by the PEN-CAFoRR Network. Full table is available on request to the authors.
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Digital Tracking (DT)
DT monitoring is regarded as a basic method when measurements involve a random or 
systematic passage (i.e., ground transects) among plants to measure their traits. However, 
it is considered an advanced and robust method when traits are measured under more 
controlled conditions in plants growing in replicated plots.
In both cases, the morphological traits commonly measured include stem height, 

root collar diameter (RCD), diameter at breast height, number of branches, biomass 
(stem, branches, and leaves), and leaf area index. The most commonly measured phys-
iological traits include chlorophyll A and B content and their relative ratio, photosyn-
thesis yield, gas exchange, and tissue water potential.
During the first vegetative season following planting, DT measurements are repeated 

a few times at regular intervals, usually for a few weeks. After the first year, measure-
ments are taken annually or on a multiyear basis.
In recent years, efforts have been made to expedite and automate DT monitoring. 

One methodology, Automated Stereo Vision, is based on time-lapse image acquisition 
by special cameras (Aby and Issa, 2023). A potential future improvement of this method 
could involve the use of remote-controlled uncrewed vehicles equipped with special 
cameras for capturing photographs at regular intervals. The images are processed by 
stereo-photogrammetry software trained to detect comparative differences in plant traits 
such as plant height, leaf area, and number of branches. Additionally, this method is be-
ing explored for its ability to detect plant diseases, leaf parasitic attacks, or nutrient de-
ficiencies through analysis of leaf colors.

Remote sensing (RS) and drone fly-overs (DFO)
The field of RS has experienced remarkable advancements, particularly in the capabilities 
of satellite RS technologies. Modern satellites now offer high-resolution imagery that can 
discern features down to the scale of a few meters. For example, PlanetScope has been 
used for tree mortality monitoring (Garrity et al., 2013). In China’s Loess Plateau, exten-
sive afforestation projects aim to combat soil erosion and enhance carbon sequestration. 
The high-resolution imagery from the PlanetScope constellation has been instrumental 
in monitoring tree survival rates and growth across vast areas. This has provided valuable 
insights into the success rates of various tree species and planting techniques, enabling the 
fine-tuning of afforestation strategies to maximize CO 2 sequestration and improve land 
restoration outcomes (Avtar et al., 2017; Fooladi et al., 2021).
The evolution of hyperspectral imaging represents a significant leap forward. Unlike 

traditional imaging technologies, hyperspectral sensors collect information from hun-
dreds of very narrow spectral bands across the electromagnetic spectrum. Among other 
applications, hyperspectral data has been used for early pest infestation at the tree level 
(Gao et al., 2023). By using hyperspectral and high-resolution imaging, researchers 
are actively exploring the creation of indices that can more accurately reflect the

Assessment and monitoring of early tree planting success 289



phenological changes within forests, track species-specific responses to environmental 
stressors, or better quantify biomass and carbon storage. For instance, the enhanced 
vegetation index has been developed to optimize the vegetation signal with improved 
sensitivity in high biomass regions while minimizing soil and atmosphere influences. 
The integration of satellite RS data with other data sources, such as meteorological 

and socioeconomic data, further enhances forest management practices and could be 
useful in monitoring. For example, combining RS imagery with real-time weather 
data helps predict wildfire risks and assess drought stress in forest regions, thereby facil-
itating proactive management strategies (Szantoi et al., 2016). Additionally, socioeco-
nomic data overlaid with satellite imagery can illustrate how human activities 
influence forested landscapes, aiding in the development of targeted conservation stra-
tegies. An example of successful integration is seen in the Global Forest Watch project, 
which combines satellite imagery with deforestation alerts and community monitoring 
data. This integration has empowered stakeholders to detect illegal logging activities 
swiftly and enforce forest conservation laws more effectively, showcasing the capabilities 
of RS technology in supporting climate change mitigation (Chen et al., 2019).
In recent decades, ecological research has sought new methods to expedite DT-based 

monitoring, favoring new RS techniques. Much progress has been made since the 
advent of aerial photo interpretation and satellite imagery. New sensors are used in 
RS to utilize airborne, spaceborne, and terrestrial Light Detection And Ranging 
(LiDAR) technology. Since 2018, this technology has been installed aboard the Inter-
national Space Station, enhancing analytical capabilities globally through the Global 
Ecosystem Dynamics Investigation system (Rishmawi et al., 2021). Airplane-mounted 
LiDAR (ALS) can produce digital terrain models (DTMs) and canopy height models 
(CHMs) across landscapes.
The considerable flexibility of RS technology recommends it highly for monitoring 

forests (Almeida et al., 2014), enabling coverage of large areas with a single flight (e.g., 
over 1000 ha) (van Leeuwen and Nieuwenhuis, 2010). New sensors include high-
resolution cameras, laser scanners, and other sensors, including drone-mounted LiDAR 
(Stanturf et al., 2024). LiDAR detects variations in the biophysical properties of vegeta-
tion, expressed through the normalized difference vegetation index (Li et al., 2012; 
Glenn et al., 2008; Kouadio et al., 2014; White et al., 2014). Studies have demonstrated 
the successful measurement of changes in chlorophyll content, 2013), aboveground 
biomass (Montagnoli et al., 2015), tree density, canopy structure and composition, nat-
ural seedling recruitment, tree architecture, flowering patterns, and more.
A recent innovation in RS is the use of LiDAR sensors aboard drones (Almeida et al., 

2014). This approach, known as Drone Fly-Overs, is poised to revolutionize ecological 
studies, particularly in forestry, by facilitating monitoring and related forest management 
activities (Anderson and Gaston, 2013). Another advancement is the use of terrestrial 
laser scanning (TLS) that captures high-resolution images of the three-dimensional
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structure of a terrestrial ecosystem; TLS has been used in forest inventory and studies of 
understory plant diversity and wildfire fuel beds (Loudermilk et al., 2009; Liang et al., 
2016; Anderson et al., 2021).
Software used to analyze data collected by RS and DFO methods can provide a 

DTM (Maguya et al., 2014; Bigdeli et al., 2020), a digital surface model, or a CHM 
(Liu et al., 2020). The integration of big data analytics in RS has significantly enhanced 
our ability to monitor and understand terrestrial environments, especially planted forests. 
The vast amounts of data collected from satellite sensors, such as those from Landsat and 
the European Space Agency’s Sentinel series, are now manageable thanks to advances in 
big data technologies, including machine learning (ML), deep learning, and cloud 
computing. Additionally, platforms like Google Earth Engine provide access to exten-
sive archives of satellite imagery and the computational resources needed to conduct 
large-scale geospatial analyses. This is particularly valuable for tracking forest health 
and development, and observing the impacts of climate change on forests, facilitating 
informed decision-making.

Divide monitoring into phases based on morphological and 
physiological events to be measured and the methodologies to be 
used

The alarmingly high rate of tree planting failures worldwide is likely underreported due 
to the lack of a common monitoring procedure. We suggest a new way of monitoring 
the performance of tree planting initiatives by dividing the stand initiation stage (sensu 
Oliver and Larson, 1996) into phases that differ not only temporally but also in the 
methods used and the morphological and physiological indicators that best describe 
the growth and development of the trees.
We distinguish three phases for monitoring tree planting activities aimed at 

forestation (Fig.8.2), specifically monitoring stand establishment (MSE), monitoring 
developing phase (MDP), and monitoring adult phase (MAP). This distinction is 
based on the fact that different growth and development stages of a tree not only 
require different methodological approaches (DT, RS, or DFO) but also different 
equipment.
MSE pertains to the growth period between outplanting or seeding and the third 

year (i.e., the third vegetative season). MDP covers the period when trees exhibit the 
highest rate of growth and development, normally spanning between 4 and 10 years 
from outplanting. MAP includes the entire period from the end of stand initiation to 
stand renewal (rotation or senescence, depending on management).
Furthermore, we have deliberately chosen to refrain from additional differentiations, 

as the assessment could also be divided based on which objective (i.e., ecosystem ser-
vices) and economic value are assigned to the planting. However, MAP is treated in
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other chapters of the book, and for this reason, we intend to focus only on MSE and 
MDP with greater emphasis on MSE.

Monitoring stand establishment (MSE)
Regardless of the planting method (seeding or planting), the first 3 years are widely 
recognized as the most precarious time in a plant’s life (Hanley et al., 2004). This estab-
lishment phase is often characterized by various stressful conditions that threaten seedling 
survival and may result in regeneration failure. Rudimentary monitoring programs limit 
measurement to survival/mortality, possibly accompanied by observations of damage 
(browsing, defoliation, etc.). More information could be collected with the aim of deter-
mining the cause of mortality or substandard growth.
MSE is crucial and should consist of a chronosequence or series of observations of 

seedling growth and development. Presently, the DT methodology described above re-
mains the most reliable method for MSE monitoring. In the future, however, RS and 
DFO methods could possibly achieve enough reliability for MSE monitoring as well 
(Samiei et al., 2020).
The graph in Fig. 8.3 represents the potential growth trend expected during the first

3 years (after outplanting or seeding) obtainable using DT when seedlings grow under 
favorable environmental conditions. This theoretical growth trend should be obtained 
independently from experimental plots or local averages. Different morphological traits 
(i.e., stem height, number of branches, RCD, etc.) will have their unique trends. The

Figure 8.2 Subdivision of monitoring according to early growth and developmental phases. (Credit: 
Donato Chiatante)
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arrows on the graph indicate the last measurement of the previous growing season and 
the first of the following growing season. The interval between the two arrows repre-
sents the dormancy period between two successive growing seasons, during which no 
increases occur. Comparing measurements from monitoring actual planting sites to 
this optimal trend should confirm if the monitored seedlings are subjected to optimal 
or stressful living conditions. Discrepancies between trends should draw management’s 
attention to the fact that something is impeding the growth of the seedlings and that it is 
necessary to consider how to intervene to provide support.
A widely accepted, consistent, and reliable protocol for MSE monitoring is not avail-

able. There is a risk that monitoring at this earliest stage becomes a collection of unre-
liable, useless, or needlessly expensive parameters (Viani et al., 2018). To avoid this risk, 
there should be an effort to select a limited number of species-specific indicators that 
relate to management objectives and are sensitive to the kinds of stressors likely to be 
present.
Furthermore, we suggest that reliable monitoring is obtained only when trends of 

different traits are compared. This comparative analysis reflects the knowledge that 
there are intrinsic and extrinsic factors that affect plant hormone allocation to 
different plant organs, with consequent induction of anomalies in the normal devel-
opment of the organs. For example, stem branching is controlled by variations in 
hormone concentrations, the gene expression of which can be altered by environ-
mental factors. Therefore, if monitoring relied solely on identifying a trend obtained 
from the measurements of a single parameter, incomplete information regarding the

Figure 8.3 Potential growth trend of seedlings after planting and the accumulating number of mea-
surements. (Credit: Donato Chiatante)
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overall development of the plant under consideration would be obtained, and 
incorrect conclusions could be made about causes of mortality or suboptimal growth 
(Yi et al., 2022).
Most examples of monitoring that have reported the use of MSE have focused on 

aboveground morphological traits (stem, branches, and leaves). The most common traits 
measured (besides survival) are stem height and RCD. Only a few published studies re-
ported measurements on both above- and belowground morphological traits (but see 
Byambadorj et al., 2021a, 2021b, 2022; Nyam-Osor et al., 2021; Montagnoli et al., 
2022). Monitoring the trend of morphological root traits, such as length, volume, diam-
eter, and branching, would be essential for assessing the coordination between above- and 
belowground organ growth. Insufficient water availability in shallow soil layers may hind-
er further growth of aboveground organs, even after an initial normal trend (Montagnoli 
et al., 2022). Despite the time-consuming effort required for measuring root traits, the in-
formation obtained is crucial for understanding the progress of seedling establishment. 
A scenario that illustrates when meticulous MSE, including root development 

analysis, could be useful could begin with monitoring indicating mortality or subop-
timal growth without any apparent aboveground damage. An investigation of below-
ground (i.e., root system) growth might indicate root deformity caused by improper 
planting, lack of available soil moisture, possibly a soil layer impeding root growth, or 
an abrupt increase in soil pH that interfered with nutrient uptake in conifers. In some 
cases, prompt management intervention might address the problems. Education and 
better supervision of planting crews, temporary irrigation support (i.e., adaptive sup-
port) to prevent seedling growth from stalling, or switching to broadleaves could be 
effective responses.
This type of MSE monitoring provides insights into above- and belowground 

growth and development patterns, crucial for assessing the suitability of tree species 
for future stand establishment on sites with specific soil characteristics. Models of tree 
fitness in forestry scenarios supported by AI will enhance our ability to predict “the right 
tree for the right site”.

Monitoring developing phase (MDP)
After the establishment phase, tree seedlings enter a period of rapid growth and devel-
opment. Although consensus eludes as to when a seedling transitions to a sapling (Kita-
jima and Fenner, 2000), we propose that this transition occurs after the third year of a 
plant’s life. Thus, MDP represents the phase when trees leave the establishment phase 
and begin to resemble true trees in their youthful appearance. This phase precedes the 
transition to adulthood, including reproductive maturity (Groover, 2017), which neces-
sitates the MAP type of monitoring described earlier.

294 Guidelines for Climate Adaptive Forest Restoration and Reforestation Projects



The efficiency and reliability of MDP monitoring hinge upon a thorough under-
standing of the life cycle of the tree species being monitored. Organogenesis in higher 
plants follows rhythmic activity patterns of stem apex meristems, root apex meristems, 
vascular cambium meristems, and cork cambium in the primary and secondary (woody) 
bodies (Mathieu et al., 2008).
The coordinated activity of these meristems determines a species-specific growth and 

development trend, resulting in a relative growth rate (RGR). Regardless of the param-
eter used, RGR typically follows a sigmoidal curve with phases known as LAG, LOG, 
and STATIONARY. The LAG phase is characterized by a slow increase in the param-
eter, followed by the LOG phase, where exponential increments occur. The STA-
TIONARY phase begins when the increments reach an equilibrium.
In a tree’s life cycle, this sigmoidal RGR trend aligns with key events: 1) the conclu-

sion of the establishment phase, 2) the initiation of juvenile body construction, and 3) 
the transition to the adult phase. MDP’s significance lies in its investigation of this 
sigmoidal trend, distinguishing it from MSE and MAP.
The activities of meristematic tissues are influenced by both natural (intrinsic and 

extrinsic) and anthropogenic factors (Huijser and Schmid, 2011). As a result, the 
RGR often undergoes alterations due to various environmental stressors such as wind-
storms, frost, avalanches, landslides, and attacks by fungi, bacteria, parasites, among 
others. Additionally, MDP allows for the investigation of how management activities 
like site preparation, transplanting methods, and support measures such as irrigation 
and fertilization can affect RGR (Fischer et al., 2002).
From a methodological perspective, MDP can utilize all the methods described 

above (DT, RS, DFO) either separately or in combination. An example illustrating 
how the RGR trend can be influenced was demonstrated by Byambadorj et al. 
(2021a, 2021b, 2022). In their study of poplar (Populus sibirica) and elm (Ulmus pumilla) 
plantations in Mongolia, they observed that the growth curves derived from MDP mea-
surements over a 10-year period, including stem height, RCD, and biomass, exhibited a 
sigmoidal trend. Interestingly, they found that the highest growth increments occurred 
when trees were irrigated with an average amount of water, rather than the maximum 
amount.

Artificial intelligence and machine learning in assessment of establishment 
success
AI and ML algorithms have great potential for applications in the automation of many 
operations in forestry, including tree planting. Growing research on the use of AI and 
ML in forestry and in general has been reviewed by Liu et al. (2018), Shivaprakash 
et al. (2022), Stamatopoulos et al. (2024), and Buchelt et al. (2024).
Automated planting systems in forestry are currently experimental (e.g., Hansson 

et al., 2024) but better developed for agronomic activities. Farming systems are highly
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instrumented with multiple sensors that could be useful for very early monitoring. These 
methods have seen significant development in agriculture due to the reduced presence of 
other plant species surrounding the observed plant, enabling clear images of germinating 
seeds, cotyledon emergence, and the development of the first leaves (Chen et al., 2018; 
Zhao et al., 2018; Jiang et al., 2019; Kipp et al., 2014; Sankaran et al., 2015). However, 
their application in forestry is challenging, and further improvements may be necessary, 
potentially involving the integration of AI and deep neural networks (LeCun et al., 
2015; Kamilaris and Prenafeta-Boldu, 2018).
Automation using uncrewed aerial vehicles (UAVs), AI, and ML for tree planting (or 

seeding) is already commercially available, but the technology needs further develop-
ment to establish itself as a standard practice for both planting and assessment of planting 
success (Stanturf et al., 2024). One example is DroneSeed, a pioneer in the use of UAVs 
for forest restoration by seeding. DroneSeed started with using swarms of drones for 
direct seeding but evolved into Mast Reforestation (https://www.mastreforest.com/, 
accessed on 29 May 2024), now offering broader but more traditional solutions in forest 
restoration. Besides aerial seeding, Dendra (https://dendra.io/, accessed on 29 May 
2024) uses ML technology to provide complete counts that identify and quantify every 
tree, shrub, and grass on a specific site. Picterra (https://picterra.ch/, accessed on 30 May 
2024) offers a no-code platform for users to autonomously build geospatial AI models at 
scale up to 95% faster, for seedlings detection and survival rate monitoring.
To assess establishment success, automation by drones can be used for acquiring a 

vast quantity of pictures and video clips for ML- and AI-driven identification of live 
versus dead or damaged seedling (=survival) and target species versus competitive 
vegetation (=number of seedlings per area unit). There are many available services 
that use advanced AI and ML for an image-based identification of species, like Plant-
Spot (https://plantspot.app/, accessed on 29 May 2024), FloraIncognita (https:// 
floraincognita.com/, accessed on 29 May 2024), Pl@ntNet (https://identify. 
plantnet.org/sr, accessed on 29 May 2024), and PlantSnap (https://www.plantsnap. 
com/, accessed on 29 May 2024). PictureThis (https://www.picturethisai.com/) 
even uses an AI-powered diagnostic tool for recognizing symptoms and signs of 
damage.
Techniques combining ML and AI with robotic platforms and artificial vision sys-

tems have been used successfully for remote forest health assessment, and this field of 
application is developing rapidly (Estrada et al., 2023). Another development with 
planting applications is the acquisition of data on site conditions by harvesters that could 
be used to guide planting decisions in subsequent reforestation of the site.
Perhaps the most developed solution to be used for assessment of establishment suc-

cess was developed by byteLAKE (https://bytelake.com/en/, accessed on 29 May 
2024). By using a large number of images acquired by a drone, they trained neural
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networks to count young trees (for survival) and detect anomalies (i.e., drying out) with 
accuracy of over 90%.
To collect data needed for establishing the causes of failure, the Internet-of-Things 

(IoT) devices and the Wireless sensor networks (WSNs) can be used. WSNs can be 
deployed in forests by drones (Farinha et al., 2020). Treevia (https://treevia.com.br/ 
inventario-florestal/) developed sensors (50 g in weight and 4 cm in length), with an 
elastic strip that can be fitted to a seedling of 1 cm diameter that can stretch up to
1 m for diameter increment measurements. Further miniaturization will allow the use 
of different sensors to be placed even on smaller seedlings. Equipped with appropriate 
sensors and deployed on planting sites, these devices can provide real-time data and build 
a database regarding all environmental variables that induce seedling mortality. Equipped 
with a motion detection sensor and appropriate camera, these devices can document the 
damage due to herbivory. Used in this way, the IoT and WNS (when supported by AI), 
provide an opportunity for timely actions aimed at preventing seedling mortality and 
regeneration failure.

Guidelines for best practices in monitoring the performance of tree 
planting

Based on concepts previously discussed, we propose some simplified guidelines that any 
monitoring program aimed at evaluating the performance of tree planting activities in 
the context of afforestation, reforestation, and restoration should adopt.

Duration of the monitoring activity
Performance monitoring should be considered a continuous activity that begins with out-
planting and extends throughout the duration of the project. It should consist of repeated 
assessments scheduled at fixed intervals. Recording the trends in growth and development 
of the planted or seeded material by measuring morphological and physiological param-
eters should be integral to monitoring. The information gathered through monitoring 
should be used to predict the performance of the tree planting activity and, if necessary, 
call for management support interventions. The data collected during monitoring should 
also be used to improve nursery culturing protocols to increase seedling quality, refine site 
and soil preparation as well as planting techniques, and disseminate best practices among 
nursery managers, forestry contractors, and forest managers.

Indicators used for performance evaluation
For cost-effectiveness, the number of indicators to be measured during assessment of a 
tree planting activity should be limited to the best predictors of plant growth and devel-
opment. At a minimum, indicators must include survival percentage, seedling height, 
RCD, and root system traits (length, diameters, biomass). The growth and
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developmental trends of seedlings should be related to planting patterns, types of soil 
preparation, planting depth, climate factors, and human activities present in the site. 
The reasons for failure should be well investigated and documented.

Methods
Mapping the site and georeferencing monitoring plots and seedlings represent good 
practice for efficient monitoring. The measurement of survival rates and growth trends 
should be conducted in circular or linear plots following a stratified sampling design. The 
number of plots to monitor should be related to financial capacity, homogeneity of con-
ditions, and variability of the indicators to be measured. To enable continuous moni-
toring, sample seedlings/trees could be permanently marked with stakes, plastic or 
aluminum tags, or paint. Alternatively, a comprehensive database of a stand from ALS 
or TLS could digitally geocode individual plants to guide subsequent measurements. 
In addition to recording all measured data, fixed point pictures and video clips should 
be georeferenced. When monitoring is entrusted to autonomous data collection tech-
nologies as described above, the number and type of devices and sensors should be 
related to financial availability, site conditions, and management needs. In case of tree 
planting failure, seedling forensics should be applied to draw science-based conclusions 
to correct protocols and avoid making the same errors again.
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