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Abstract

Forests play a strategic role in global sustainability, and restoration is essential to meet
ESG targets. Seedling quality strongly influences reforestation success, but standardized
evaluation protocols are often lacking. This study aimed to identify and prioritize critical
technical parameters of forest seedlings and determine the highest-priority factor affecting
field performance. A total of 100 seedlings of Handroanthus impetiginosus and Sparattosperma
leucanthum were evaluated using Quality Function Deployment (QFD), considering refor-
estation as the client to translate field performance requirements into nursery-level technical
parameters. Seedling characteristics were compared to standards based on the literature
and nursery best practices. QFD analysis revealed that stem thickness and integrity, absence
of borers, well-developed and firm roots, and complete and healthy leaves were the most
critical attributes. Hardiness, combining structural robustness, disease resistance, and
vigor, emerged as the central factor. Observed non-conformities included disease (15%),
stem bifurcations (10%), and substrate deficiencies (12%). These results demonstrate that
QFD is an effective tool for systematically identifying and prioritizing seedling attributes.
The study provides a structured approach for nursery evaluation and quality control,
supporting informed decision-making to enhance the success of forest restoration projects.

Keywords: forest seedlings; quality control; non-conformities; Dickson Quality Index

1. Introduction
Increasing pressure for sustainable solutions has placed the environmental agenda at

the center of global discussions, with the concept of Environmental, Social, and Governance
(ESG) becoming a strategic benchmark that integrates environmental, social, and gover-
nance dimension [1,2]. Among the pillars of the transition to a low-carbon economy, forest
conservation plays a central role due to its capacity to store carbon, conserve biodiversity,
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and maintain essential ecosystem services [3,4]. Reforestation emerges as a priority strategy,
but its success is often limited by the insufficient quality of seedlings, which remains an
unresolved problem in the literature. Current studies report variable mortality rates and
point to challenges related to the standardization of quality assessment, as well as the use
of isolated parameters that may not fully capture the complexity of factors influencing
seedling performance in the field.

Despite the recognized importance of seedling quality, there is a lack of comprehensive,
standardized, and integrative evaluation methods in the literature. Existing approaches
often focus on individual morphological traits, such as stem diameter or shoot height,
without considering physiological, phytosanitary, and operational aspects simultaneously.
This fragmented assessment fails to capture the full complexity of factors influencing post-
planting survival and growth, resulting in high variability in outcomes across species and
restoration contexts. Moreover, there is limited guidance on prioritizing the most critical
attributes for field performance, leaving nursery managers without clear decision-support
tools to optimize seedling production. Thus, the central challenge lies in the absence
of methodologies that hierarchize and organize existing parameters into an integrated
decision-making framework. Addressing these gaps is essential to improve both ecological
success and cost-effectiveness in reforestation projects.

The quality of seedlings, characterized by adequate morphological, physiological,
and phytosanitary attributes, is essential to ensure initial survival and adaptation to local
environmental conditions [5]. The absence of these attributes increases mortality rates,
reduces yields, and expands financial losses [5,6]. Even in well-structured projects, up
to 30% of seedlings may not survive the first year of planting, significantly increasing
costs due to replanting [7]. A major challenge lies in the fact that seedling quality is often
assessed using isolated parameters or indices, which may not fully capture the complexity
of factors influencing post-planting performance. In addition, the lack of standardized
and integrated evaluation criteria contributes to technical inconsistencies that compromise
uniformity, survival, and ecological functionality in restored areas [8,9]. These challenges
highlight the need for systematic and standardized methods to integrate different technical
parameters and support more effective decisions in seedling production, particularly when
different species and nursery conditions are considered.

Parameters such as root system quality, shoot height, and stem diameter have been
widely used in seedling evaluation [8,10,11]. Among these, composite indices such as
the Dickson Quality Index (DQI) are frequently applied because they combine several
morphological attributes into a single numerical value, providing an overall indication of
seedling robustness. Techniques for surveying and detecting non-conformities, common
in process management, have been applied in forest nurseries to identify seedlings with
attributes suitable for post-planting survival and development [12]. Although attributes
such as stem diameter and height are routinely measured, studies indicate the need for com-
plementary parameters and analytical frameworks that better represent seedling quality in
a comprehensive and operational manner [13]. In this context, identifying non-conformities
offers a non-destructive way to assess critical quality aspects that may not be fully captured
by growth-based indices alone, contributing to process standardization, efficiency, and
reliability in a manner that is not restricted to a single species or index.

In this scenario, Quality Function Deployment (QFD) emerges as a structured tool
capable of translating customer needs into technical specifications and design require-
ments, considering interactions between parameters and comparing products with existing
alternatives [14–18]. Unlike single indices, QFD does not replace conventional quality
indicators but integrates them with additional morphological, physiological, and phytosan-
itary requirements, as well as operational aspects of nursery production. Applied to the
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production of forest seedlings, QFD allows for aligning morphological, physiological, and
phytosanitary attributes with project demands and environmental conditions, enhancing
the survival rate, growth, ecological functionality, and long-term sustainability. Addition-
ally, its application contributes to reducing financial losses, increasing the efficiency of
reforestation projects, and generating value for companies through sustainable practices,
while allowing adaptations according to species-specific and site-specific requirements.

In this study, we applied Quality Function Deployment (QFD) to identify and prioritize
critical technical parameters of forest seedlings, explicitly linking commonly used seedling
quality indicators (e.g., biomass allocation, stem diameter, and root development) with
operational and phytosanitary requirements identified in nursery production. The analysis
is presented as a case study based on two native forest species widely used in Brazilian
reforestation programs, aiming to demonstrate the applicability of the QFD framework
in a real nursery context. By integrating conventional quality metrics within the QFD
framework, the study seeks to overcome the limitations of isolated assessments and provide
a more comprehensive basis for improving seedling quality, survival, and field performance,
with a methodological approach that can be extended to other forest species produced
under similar nursery conditions.

2. Materials and Methods
2.1. Study Area and Data Collection

The QFD (Quality Function Deployment) project began building a multidisciplinary
team composed of professors specializing in nurseries and reforestation, technicians, in-
terns, and service providers from forest nurseries in Brazil. The experiment was conducted
in a major nursery that supplies seedlings for reforestation in the southern part of the
Espírito Santo state, Brazil. This nursery serves both the private sectors and the Programa
Reflorestar governmental initiative for payment for environmental services aimed to re-
store the hydrological cycle through the conservation and recovery of forest cover [19].
The nursery is located on an approximate area of 10,000 m2 at coordinates 20◦47′44.2′′ S
41◦24′21.6′′ W, with a production capacity of approximately 80,000 forest seedlings for
reforestation. The production system uses suspended beds and tubes with commercial or-
ganic substrate, a base fertilizer, and fertigation twice a week with nitrogen and potassium,
following the dosage recommendations of Gonçalves & Benedetti [20]. The region’s climate
is classified by Köppen as Cwa (dry winter and rainy summer), with an average annual
temperature of 24.1 ◦C and average annual rainfall of 1104 mm [21].

To identify and analyze non-conformities in forest seedling production, the study
began with a technical visit to the nursery to characterize the production environment
and operational aspects of the process. This step was followed by brainstorming sessions
with professionals responsible for seedling production and other staff involved in daily
nursery activities. Two native forest species were selected for the study, Handroanthus
impetiginosus and Sparattosperma leucanthum, both approximately 18 months old. The
selection of these species reflects the case-study nature of the research, based on their
availability at the nursery during the study period and their frequent use in reforestation
programs. Seedlings of these native species require extended nursery periods to develop
adequate morphological, physiological, and root system attributes essential for survival and
establishment under field conditions. The 18-month age was chosen to ensure that seedlings
had reached sufficient structural robustness, enabled the observation of representative
nonconformities and provided reliable data for QFD-based prioritization of critical technical
parameters. Although certain evaluated attributes may be influenced by species-specific
morphological characteristics, the parameters analyzed are primarily related to operational,
structural, and management conditions of seedling production. Thus, while the quantitative
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results are specific to the studied species, the QFD-based methodological approach and
identification of critical technical requirements are potentially applicable to other forest
species produced under similar nursery conditions. Data was collected by individually
evaluating one hundred seedlings of each species, following a sampling method that
determines the minimum sampling size for finite populations [22], using Equation (1).

n =
N × p̂ × q̂ ×

(
Z α

2

)2

p̂ × q̂ ×
(

Z α
2

)2
+ (N − 1)× E2

(1)

where: n = Number of individuals in the sample; N = total number of the population;
p̂ = Population proportion of individuals belonging to the category we are interested in
studying; q̂ = population proportion of individuals that do not belong to the category we
are interested in studying (q = 1 − p); p̂ × q̂ = If the values of p̂ and q̂ If they are unknown,
substitute them. p̂ and q̂ is replaced by 0.5; Z α

2
= Critical value that corresponds to the

desired degree of confidence; E = margin of error or maximum estimation error. It identifies
the maximum difference between the sample and true population proportions (p).

The seedbeds were divided into four quadrants, where each seedling received a sequen-
tial number. Then, 25 seedlings were randomly chosen from each quadrant. The analysis
was conducted on the material in the nursery’s shipping area, that is, on the seedlings
considered ready to be taken to the field, as indicated by the interviewed technical team.

2.2. Quality Function Deployment (QFD)

The QFD analysis was conducted following the methodologies proposed by Cheng
& Melo Filho, Lucas Filho et al., Dias Júnior et al., Castro and Nagumo [15,23–26], which
were applied to the forestry sector and aligned with the objectives of this study. The quality
requirements were identified, the product’s technical characteristics were broken down,
and the “roof” (correlation matrix) was built to create the quality matrix, as illustrated in
Figure 1.

 

Figure 1. Framework of the Quality Function Deployment (QFD) tool.
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The steps for constructing the QFD were:

(I) Determining the quality required (“WHAT”) by the client.
(II) Verifying the degree of importance of each “WHAT”.
(III) Evaluating the quality required by the client (planned quality).
(IV) Breaking down the required qualities (“WHAT”) into technical requirements (“HOW”).
(V) Determining the relationship between “WHAT” and “HOW”; and,
(VI) Assembling the correlation or the “roof of the house.”

To evaluate the required items, a degree of importance (GI) was established for each
quality item. Each item was assigned a GI of (1) no importance, (3) important, or (5) very
important. Competitive analysis was performed by evaluating “our products” (A) and (B)
against the competitor (C). Values (1, 3, and 5) were assigned to each item based on the same
criteria used for the required quality. The improvement plan was developed based on the
judgment of the technical team for each required quality, analyzing the degree of importance
and the comparative evaluation between the competing products. Thus, the improvement
index (IM) was determined by dividing the technical team’s improvement plan evaluation
by the lowest score assigned to any of our products in the competitive evaluation.

The absolute weight (PA) of the required quality was obtained as a function of the GI,
the IM, and the selling point, which was converted into a success argument (AS) for each
item of the required quality (Equation (2)). The AS was determined based on the technical
team’s opinion, representing a differential that each quality attribute can assume in the
success of the implementation. For this step, 1, 1.2, and 1.5 weights were used for neutral,
medium, and strong, respectively. The relative weight (PR) was calculated based on the
absolute weight of the required quality and the sum of the absolute weights (Equation (3)).
The calculation of these elements is used later to analyze which technical requirements
are most important, considering the quality required for implementation success, bringing
effectiveness in the case of intervention.

PAi = GIi × IMi × ASi (2)

PRi (%) =

PAi ×
(

n

∑
i=1

PAi

)−1
× 100 (3)

where: PAi = Absolute weight of the required quality for the i-th attribute; GIi = Degree of
importance of the i-th attribute; IMi = Improvement index of the i-th attribute; ASi = Success
argument for the i-th attribute; PRi = Relative weight of the required quality for the i-th
attribute (%).

To break down the required quality into technical requirements, we identified the
measurable characteristics of the products to evaluate the fulfillment of the client’s demands,
in this case, reforestation. For this stage, a brainstorming session was held with the technical
team. Based on the main objective, the most relevant means to achieve it were determined.
These means primarily consist of measurable or controllable metrics. The definition of the
general means was done by answering questions like “WHAT TO DO?” (the answer was the
objective) and “HOW TO DO IT?” (the answer indicated the means to achieve the objective).
These questions were asked until all possible options were exhausted. After defining the
primary means, the evaluation phase was conducted to determine the suitability and
feasibility of each means in relation to the objective. They were classified as “viable” or
“unviable.” The unsuitable means were eliminated, keeping only the viable ones.

Based on the results obtained at this stage, aiming at the comparison and analysis
between the products developed in this study and a competing product, morphological,
physiological, and qualitative attributes of forest seedlings were evaluated. The parameters
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analyzed included: shoot height (cm), root collar diameter (cm), shoot dry mass (SDM), root
dry mass (RDM), Dickson Quality Index (DQI), tortuous root growth, number of leaves,
and number of nonconformities.

Shoot height was measured using a graduated ruler, expressed in centimeters, from
the substrate surface to the apical bud responsible for the emission of the last leaf, according
to the methodology described by Gomes et al. [27]. Root collar diameter was determined at
the substrate level using a digital caliper, also following Gomes et al. [27]. For root system
evaluation, seedlings were removed from the containers, and the tortuous root growth
was visually assessed and classified in a binary manner as “non-coiled” (0) or “coiled” (1).
Nonconformities, including visual symptoms of nutrient deficiency, pest attack, or disease
occurrence, were identified by visual inspection and classified in a binary form as absence
(0) or presence (1).

The determination of shoot dry mass and root dry mass was performed by sectioning
the stem near the substrate level, separating the shoot from the root system. Roots were
washed under running water over a sieve to remove adhering substrate. Subsequently,
shoot and root samples were separately placed in Kraft paper bags and dried in a forced-air
circulation oven at 70 ◦C until constant mass was reached. After drying, the samples were
weighed using a precision electronic balance.

The Dickson Quality Index (DQI) was calculated based on shoot height, root collar
diameter, shoot dry mass, and root dry mass, according to the methodology established in
the literature [28]. The nonconformities identified throughout the evaluations are presented
in Figure 2.

 
Figure 2. Non-conformities detected in the production of Tabebuia impetiginosa and Handroanthus
pentaphyllus seedlings. (1) Disease attack; (2) pest attack; (3) nutritional deficiency; (4) bifurcation;
(5) crumbling substrate (unformed root ball); (6) tortuous root growth.

To identify the level of interrelation between the quality characteristics and the quality
requirements, the team assigned weights of 9, 3, 1, and 0 for strong, moderate, weak,
and no correlation, respectively. The final score was determined after the team reached
a consensus. The designed quality, which includes the products’ technical requirements,
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incorporated the Absolute Weight (PA) and Relative Weight (PR), the classification of
technical requirements, and the evaluation of technical specifications and objectives related
to the quality of seedlings for reforestation. The technical specifications were established in
collaboration with the team and compared with those of the competition. The specifications
were then grouped by affinity and validated, considering performance and specific issues,
resulting in the following aspects: (↑) = the higher, the better; (↓) = the lower, the better;
(↑↓) = specific range; and (#) = value variation does not matter. The correlation matrix,
also known as the “roof” of the House of Quality, was created based on the correlations
established between the technical requirements, aiming to determine the future priorities of
each item. These correlations were given weights of (++), (+), (-), and (--) to indicate strong
positive, weak positive, weak negative, and strong negative correlations, respectively.

2.3. Data Analysis

The data collected for the QFD was analyzed using descriptive statistics, emphasizing
the percentages of the main quality factors. An interpretation of the constructed quality
matrix and the relationships identified through it was also performed.

3. Results
Figure 3 presents the application of the QFD methodology to structure and pri-

oritize forest seedling quality attributes for reforestation. The matrix integrates re-
quired quality characteristics (WHATs) with technical and operational nursery parame-
ters (HOWs), allowing the relative importance and interactions among variables to be
systematically evaluated.

Among the required quality attributes, stem integrity (thick, firm, and pest-free stems)
and root system quality (well-developed, firm, and non-bare roots) showed the highest
importance weights, indicating their central role in defining seedling quality for reforesta-
tion purposes. These attributes exhibited strong correlations with key technical parameters,
particularly the Dickson Quality Index (DQI), root and shoot dry mass, degree of substrate
aggregation, and the number of non-conformities. The correlation roof highlights predom-
inantly positive interactions among technical parameters, suggesting synergistic effects
between growth-related indicators and operational quality controls.

The planned quality matrix further indicates that parameters related to non-
conformities, DQI, and biomass allocation concentrate the highest absolute and relative
weights, defining priority areas for quality improvement in nursery management. The com-
petitive assessment demonstrates performance differences between the evaluated seedling
lots, with clear gaps in attributes associated with stem and root quality, reinforcing the
relevance of the QFD framework for identifying critical quality constraints and guiding
targeted improvements in forest seedling production.

The evaluation of the produced seedlings revealed a high incidence of atypical mor-
phologies and nonconformities in Handroanthus impetiginosus and Sparattosperma leucanthum,
which resulted in a higher relative weight of these attributes in the QFD matrix (26.06%)
(Figure 4), as such deviations directly affected the quality parameters considered a priority.
In Handroanthus impetiginosus, phytosanitary problems were predominant, with disease
symptoms affecting 90% of the evaluated seedlings, followed by substrate aggregation
issues (62%) and pest (borer) attacks (41%). In contrast, Sparattosperma leucanthum showed
a higher occurrence of stem malformation, with forked stems observed in 60% of the
seedlings, in addition to substrate aggregation problems (57%) and nutritional deficiency
symptoms (33%). These results indicate species-specific patterns of non-conformities, which
reinforce the relevance of using an integrative framework such as QFD to identify critical
quality bottlenecks under nursery production conditions.
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Figure 3. Seedling quality defined and prioritized using the Quality Function Deployment (QFD)
methodology. The left matrix (WHATs) represents the required seedling quality characteristics,
including morphological, physiological, and phytosanitary attributes. The upper matrix (HOWs)
comprises the technical and operational parameters of nursery production, with the roof indicating
positive and negative correlations among these parameters. The central relationship matrix expresses
the strength of the interactions between WHATs and HOWs (weak, moderate, and strong). The right
section presents the competitive assessment of seedling quality by comparing the evaluated products
and identifying performance gaps. The planned quality matrix summarizes improvement priorities,
as well as absolute and relative weights, supporting decision-making and quality optimization in
forest nursery production.

Figure 5 synthesizes the main sources of variability and non-conformities affecting
forest seedling production, organized according to environmental, material, labor, machine,
measurement, and management factors. The diagram shows that non-conformities arise
from the interaction between substrate characteristics, irrigation and fertilization prac-
tices, phytosanitary management, container design, and workforce performance. Among
these factors, inadequate substrate aggregation, improper irrigation and fertilization, pest
and disease outbreaks, and operational failures during tube filling and handling emerge
as critical drivers of root deformation, nutritional deficiencies, stem malformation, and
reduced seedling vigor. Overall, the results highlight that seedling quality is not deter-
mined by isolated factors, but by systemic interactions throughout the production process,
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reinforcing the need for integrated management guided by the parameters prioritized in
the QFD framework.

Figure 4. Percentage distribution of non-conformities observed in seedlings of Handroanthus impetigi-
nosus and Sparattosperma leucanthum produced in the evaluated forest nursery. The figure compares
the frequency of the main morphological and phytosanitary non-conformities identified for each
species, including root folding, substrate aggregation, pest (borer) attack, nutritional deficiency
symptoms, and stem malformation (forked stem), highlighting differences in the occurrence of
production-related quality issues between species.

 

Figure 5. Contributing factors to variability and non-conformities in seedling production.
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4. Discussion
4.1. Deployment of Forest Seedling Quality for Reforestation

The relationships observed in the QFD matrix (Figure 3) indicate that forest seedling
quality for reforestation should be interpreted as an integrated outcome of multiple interact-
ing attributes, rather than the result of isolated morphological indicators. The identification
of nine essential technical requirements reflects the multifactorial nature of seedling ro-
bustness, where structural, physiological, and phytosanitary traits jointly determine field
performance. The correlations highlighted in Figure 3 reinforce this integrative perspec-
tive, particularly the association between aerial dry mass, leaf number, and the reduced
occurrence of non-conformities, as well as the relationship between collar diameter and
stem robustness. Similarly, the link between non-bare roots and substrate aggregation
emphasizes the central role of root–substrate interaction in seedling establishment. These
interactions support the argument that robustness emerges from coordinated development,
not from single metrics evaluated in isolation.

Within this context, the Dickson Quality Index (DQI) is widely applied as an indicator
of seedling robustness and biomass balance, integrating aerial and root dry mass, height,
collar diameter, and total dry mass, with higher values generally reflecting better seedling
quality [10,29]. DQI values above 0.3–0.4 are considered acceptable, values between 0.5
and 0.6 indicate good quality, and values above 1 suggest excellent morphophysiological
balance [12]. In this study, we provide quantitative values for DQI and its components,
including means, standard deviations, and ranges, allowing a more precise comparison of
seedling quality and facilitating direct comparisons with literature reports. The inclusion
of DQI within the QFD framework reflects the relevance of adopting a standardized and
consolidated index in seedling evaluation, while simultaneously allowing its relative
importance to be assessed alongside other quality attributes.

Although DQI captures important aspects of seedling morphology and biomass distri-
bution, its isolated use does not encompass several attributes that are critical for nursery
management and field performance, such as phytosanitary conditions, stem integrity, root
exposure, and the occurrence of production-related non-conformities. The QFD analysis
revealed that parameters such as well-developed roots, pest-free stems, and stem robust-
ness received high relative importance, indicating that reliance solely on DQI may overlook
operational and qualitative aspects that directly affect seedling survival and establishment.
The correlation matrix (Step 6, Figure 3) further demonstrated that DQI was associated
with leaf number, while aerial dry mass correlated with height, and the number of non-
conformities correlated with root entanglement. The correlation matrix further highlights
interactions and compensations between technical attributes, including negative corre-
lations that indicate trade-offs in nursery management. Practical implications include
prioritizing monitoring of attributes with strong negative correlations to prevent cascading
non-conformities in other traits.

Competitive evaluation using QFD highlighted parameters such as pest-free stems
(17.5%), intact leaves (13.4%), sound stems (10.5%), non-bare roots (8.9%), and firm stems
(8.4%) as priority attributes. These values are discussed in comparison with previous
studies, emphasizing similarities and differences in non-conformity incidence and DQI
components, thus situating our findings within the broader literature on nursery per-
formance. Rather than indicating final performance outcomes, these results support the
identification of management-sensitive parameters that require monitoring and control
during nursery production, contributing to gradual improvement of seedling quality and
consistency in reforestation programs. From a practical perspective, nursery managers can
use these priorities to optimize pruning, substrate selection, and pest control protocols,
ensuring seedlings meet field performance expectations.
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4.2. Assessment of Non-Conformities in the Production Process of Forest Nursery Seedlings

Figure 4 shows that in Handroanthus impetiginosus, disease attacks affected 90% of the
seedlings, compromising leaf vigor and stem robustness [30,31]. These attributes have
high priority in the QFD matrix, and deficiencies in this dimension increase initial mor-
tality and reduce post-planting growth, directly impacting reforestation effectiveness. In
Sparattosperma leucanthum, undesirable bifurcations in 60% of the seedlings compromise
collar diameter and structural integrity, restricting vertical growth and increasing suscep-
tibility to breakage [32,33]. Substrate aggregation problems, observed in 62% of Purple
Trumpet Tree seedlings and 57% of Five-Leaf Trumpet Tree seedlings, affect root develop-
ment and water and nutrient uptake, increasing the risk of root entanglement (Figure 4)
and directly influencing the DQI and the number of non-conformities in the QFD matrix
(Figure 3) [13,32,34]. We provide mean values and variation ranges for these attributes to
support a more quantitative interpretation of seedling quality. Practical recommendations
include adjusting substrate composition and irrigation regimes to reduce aggregation and
prevent root entanglement.

Nursery phytosanitary conditions are another critical factor. High humidity, abundant
irrigation, close spacing, and continuous cultivation favor fungi and insects (leaf-cutting
ants, defoliating caterpillars, aphids), which damage leaves and roots and induce bifurca-
tions [30,31]. These factors affect essential QFD attributes, such as leaf vigor, collar diameter,
and leaf number, compromising seedling survival and growth in the field. Limitations of
the study include the single nursery context, the small sample size, and potential operator
bias in non-conformity evaluation, which should be considered when generalizing the
results. Nursery managers should consider these practical constraints when implementing
recommendations derived from this study.

Each non-conformity, whether disease, pest attack, nutritional deficiency, bifurcation,
disaggregated substrate, or root entanglement, directly interferes with the parameters
prioritized in the QFD [34–36]. Preventive interventions, high-quality substrate, strict
phytosanitary control, proper nutritional management, pruning techniques, and containers
that favor rooting improve uniformity, hardiness, and seedling performance in the field,
reflecting on critical QFD parameters [37]. Systematic monitoring of non-conformities
allows for the identification of failures, implementation of continuous improvements,
and increased survival, vigor, and establishment in the field, enhancing the success of
reforestation and degraded area restoration projects [37,38]. Integrating non-conformity
analysis with the parameters prioritized in the QFD provides a robust guide for optimizing
production and standardizing seedling quality.

4.3. Causes and Impacts of Non-Conformities in Forest Seedlings

The production of forest seedlings involves a complex interaction between materi-
als, management practices, and environmental conditions, where failures generate non-
conformities that directly affect seedling quality and performance (Figure 5). Using tubes
with vertical gloves and bottom holes directs root growth and allows natural pruning,
guiding the root system [39]. However, root entanglement occurs when holes are blocked
or seedlings remain in the nursery for too long, limiting water and nutrient uptake and
reducing robustness. Substrate quality is crucial for balanced development, and nutritional
deficiencies or pest attacks further impair survival and growth. By analyzing these inter-
actions within the QFD framework, including negative correlations and compensations
between parameters, practical recommendations for priority management actions can be
derived, such as adjusting container design, substrate type, and spacing.

Substrate quality is crucial for balanced development. Aggregated, nutrient-rich, and
pathogen-free substrates promote stable clod formation and proper root development.
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Friable or poorly aggregated substrates increase root dedication, favor entanglement, and
compromise initial survival. Fungal and bacterial diseases pose additional threats, with
pathogens introduced via seeds, cuttings, substrates, or inadequate management. Figure 5
shows a high incidence of diseases in Purple Trumpet Tree, affecting leaf vigor and stem
robustness. Diseased seedlings act as weak links in the reforestation chain, increasing
mortality, reducing growth, and causing failures in vegetation cover.

Nutritional deficiencies result from improper irrigation or fertilization management,
limiting photosynthesis, growth, and resistance to abiotic and biotic stresses, thereby
impacting the forest’s competitiveness, mortality, and structural development [40]. Fo-
liar damage caused by pests or nutritional deficiencies reinforces these effects, impairing
seedling vigor and planting uniformity. Stem bifurcation, often associated with tip death
due to water deficit or pest attack, compromises structural integrity and final seedling
height, affecting competitiveness and commercial value of the stem, particularly in Sparat-
tosperma leucanthum.

Human factors play a critical role throughout the seedling production process. Differ-
ences in team experience, especially in nurseries employing temporary staff, can create pro-
cedural inconsistencies that result in non-conformities. Ensuring uniformity, reducing mor-
tality, and producing seedlings adapted to field conditions require ongoing training, careful
supervision, and constructive feedback. Figure 5 illustrates the interaction of materials,
environment, and labor, highlighting their influence on each stage of nursery operations.

Non-conformities, such as root entanglement, poor substrate quality, disease, nutrient
deficiencies, or stem bifurcation, directly compromise seedling survival, growth, and
competitiveness after planting. Combining high-quality substrate, effective phytosanitary
management, proper nutrition, controlled irrigation, tip care, and skilled personnel, in
alignment with the critical QFD parameters, supports the production of uniform, robust
seedlings, enhancing the success of reforestation and degraded land restoration initiatives.

4.4. Practical Applications and Policy Implications

Using forest seedlings is a key factor for the success of reforestation projects. Recent
studies by Guerra et al. e Martins et al. [31,41] and highlight a preference for nursery-
grown seedlings and direct seeding as the predominant methods in this process. Planting
nursery-grown seedlings, although associated with higher costs [7,42], has been widely
adopted due to relatively high survival rates. de Souza & Engel (2023) [7] report that
these rates can reach approximately 70% in the first year, justifying the initial investment,
especially in areas with adverse environmental conditions. While less common, direct
seeding represents a viable alternative in tropical regions but faces significant challenges,
including substantially lower establishment rates, often below 14% [7], due to predation,
competition with invasive species, and climatic variability.

The benefits of planting nursery-grown seedlings must be balanced by considering
available resources and reforestation efficiency. Seedling quality assessments, as conducted
in this study, allow the identification of critical attributes for survival and growth, including
leaf vigor, stem robustness, root system integrity, and phytosanitary status. Tools such as
the QFD methodology facilitate the prioritization of these attributes and can guide practical
decisions regarding substrate management, irrigation, fertilization, and phytosanitary
control [10,29]. Furthermore, QFD can be applied in other forest restoration contexts, such
as species evaluation for degraded area recovery, monitoring survival in experimental
plantings, and optimizing planting strategies across different ecosystems.

In the realm of public policy, the results underscore the importance of investments
in well-structured nurseries and technical training programs to ensure that seedling
production meets the quality standards necessary for effective reforestation. Strategies
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to incentivize restoration, regulate nurseries, and certify seedlings can be strengthened
through assessments based on technical parameters and performance indicators, ensur-
ing greater ecological and social returns. Aligning seedling quality with public policies
promotes not only plant survival and growth but also climate change mitigation and the
achievement of global goals, such as Sustainable Development Goals SDG 13 (Climate
Action) and SDG 15 (Life on Land) [43].

The findings of this study also have implications for environmental and social gover-
nance (ESG). Producing high-quality seedlings contributes to environmental restoration
and the mitigation of greenhouse gas emissions, strengthening corporate responsibility in
the face of climate change. Monitoring non-conformities and prioritizing critical nursery
attributes, based on analyses such as QFD, provides strategic indicators that can sup-
port public policies promoting forest restoration and corporate sustainability decisions.
Thus, using high-quality seedlings, combined with management practices and systematic
monitoring, integrates science, practice, and public policy, enhancing the effectiveness of
reforestation projects and the restoration of degraded ecosystems.

5. Conclusions
This study demonstrates that Quality Function Deployment (QFD) represents a rele-

vant and methodologically consistent approach for identifying and prioritizing seedling
quality attributes within forest nurseries, meeting the proposed objective of evaluating its
applicability in this context. The results indicate that QFD provides a structured means to
organize technical, morphological, phytosanitary, and operational requirements, allowing
the identification of attributes that are particularly influential at the nursery stage.

The contribution of this research does not lie in proposing a complete or definitive
solution, nor in predicting field performance, but in offering a systematic, transparent,
and replicable framework that supports decision-making and diagnostic analyses within
seedling production systems. In this sense, the application of QFD adds methodological
value by clarifying priority quality requirements and supporting internal evaluation and
planning processes in forest nurseries.

While the findings highlight the practical relevance and applicability of QFD at the
nursery level, further investigations are required to broaden and strengthen its use. Future
studies may expand this approach by applying QFD to different forest species, multiple
nurseries, and additional stages of the production chain, as well as by integrating quan-
titative field performance data. Thus, the present study serves as a robust starting point,
contributing to methodological advances and encouraging continued research on the use
of QFD in forest restoration and seedling production systems.
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