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Nursery Production of Neltuma spp. in Arid Regions

ABSTRACT

Neltuma spp. (previously known as Prosopis spp.) are vital for ecological restoration
and sustainable forestry in arid and semiarid environments. Although extensively studied,
nursery techniques are still inconsistently applied, and poorly integrated. This review
synthesizes recent scientific advances in seedling cultivation under controlled conditions,
focusing on seed source selection, dormancy-breaking treatments, and substrate-container
interactions. This review incorporates developments concerning seed source selection,
plant physiology, and nursery trials to identify knowledge gaps and propose strategies for
reforestation improvement. We offer actionable guidance for nursery operators, restoration
professionals, and policymakers. Future research should focus on long-term field studies,
genomic tools, standardization of nursery techniques, biological interactions that improve
stress tolerance, and economic feasibility, especially for under-researched species.

Keywords
seed provenance e nursery propagation techniques e substrate-container interaction e
algarrobo

RESUMEN

Neltuma spp. (anteriormente, Prosopis spp.) es una especie vital para la restauracion
ecoldgica y la silvicultura sostenible en ambientes aridos y semiaridos. A pesar de décadas
de investigacion, las técnicas de produccion en vivero para estas especies siguen siendo
inconsistentes y mal integradas. El objetivo de esta revision es sintetizar los avances
cientificos recientes en el cultivo de plantulas en condiciones controladas, centrandose
en la seleccion de la fuente de semillas, los tratamientos pre-germinativos y las interac-
ciones sustrato-contenedor. Para ello, este trabajo incorpora avances en seleccion del
origen de semillas, fisiologia vegetal y ensayos de viveros para identificar lagunas de cono-
cimiento, y proponer un marco estratégico para mejorar la reforestacion. Para ello, se ofrece
orientacion practica para los operadores de viveros, los profesionales de la restauracion, y
los responsables de la formulacion de politicas publicas. Futuras investigaciones deberian
focalizarse en estudios de campo a largo plazo, herramientas gendmicas, estandarizacion de
técnicas de vivero, e interacciones bioldgicas que mejoren la tolerancia al estrés y la viabi-
lidad econémica, especialmente para especies subestudiadas.

Palabras clave
procedencia de semillas e técnicas de propagacion en viveros e interaccion
sustrato-contenedor e algarrobo

INTRODUCTION

Neltuma, previously known as Prosopis spp. (Hughes et al, 2022), is a dominant
genus in Argentina’s arid and semi-arid ecosystems (Scaglia et al, 2024). Neltuma spp.
play a critical role in ecological functioning and service provision (Joseau et al, 2023;
Oliva et al., 2010; Vilela & Ravetta, 2005; Villagra et al, 2005). Their particular resilience
to extreme environmental conditions makes them key species for restoration initiatives
(Passera, 2000; Salto et al., 2019). In addition, their presence in arid woodlands significantly
influences understory plant communities and supports biodiversity and pastoral systems
(Cescaetal, 2012; Venier et al, 2023), while providing important food and pharmacological
resources (Mazzuca et al., 2003; Pastorino & Marchelli, 2021; Vilela & Ravetta, 2005).

Landscape natural regeneration with Neltuma spp. is often limited by seed
predation and habitat degradation (Braun Wilke et al, 2000; Lerner & Peinetti, 1996;
Marone et al., 2000; Milesi & Lopez de Casenave, 2004; Villagra et al., 2002), making active
restoration efforts essential. State incentives have promoted native species cultivation,
while shortage of robust seedlings hinders reforestation efforts (Salto et al, 2013).
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Researchers have extensively explored the ecological, physiological, and genetic
characteristics of Neltuma spp.. Studies have typically focused on isolated components like
genetic variability (Bessega et al.,, 2019; Darquier et al., 2013), germination protocols (Bravo
et al, 2011; Vilela & Ravetta, 2001), or substrate and container effects (Salto et al., 2013,
2016; Senilliani et al, 2021). However, these approaches do not offer integrated frameworks
for nursery practices, leading to high failure rates in the field (Guzman et al., 2011).

Ecological data like germination and seedling establishment rates are essential for
cost-effective and evidence-based restoration planning (Perez et al., 2022). Addressing
these challenges requires improved propagation protocols, nursery management, and
scalable, successful restoration strategies (Pastorino & Marchelli, 2021).

This review integrates recent advances in genomics, plant physiology, and nursery trials,
approaches not synthesized in previous literature. This review focuses on population genetic
variation, dormancy-breaking treatments, and substrate-container interactions. We also
provide practical recommendations fornurseries, restoration planners,and decision-makers.
Producing high-quality seedlings for sustainable forestry and ecological restoration gains
particular importance when considering climate change and land degradation.

Bibliographic Search Methodology

This review covers focused literature using Google Scholar as primary engine,
complemented by Scopus and SciELO for regional coverage. Although this is not a
systematic review, a structured and reproducible search strategy was applied. English and
Spanish keywords included “Prosopis”, “Neltuma”, “seedling production”, “forest nursery”,
“seed germination”, “pre-germinative treatments”, “containers”, “substrate”, and “soil”. The
inclusion criteria considered peer-reviewed research conducted in arid and semi-arid
regions of Argentina between 1993 and 2025 addressing nursery production, seed
germination, genetic variation, substrate composition, and container design. We excluded
grey literature like non-peer-reviewed reports, theses or non-relevant studies. The
selection process included (I) an initial screening based on titles, (II) an abstract review for
relevance, (11I) a full-text reading for studies meeting inclusion criteria, (IV) data extraction
and synthesis related to species, treatments, morphological traits, and genetic data. A
total of 79 peer-reviewed studies were selected and analyzed. We integrate ecological,
physiological, and operational insights to guide nursery practices and restoration strategies

for Neltuma spp..

Seed Source Selection and Genetic Variation

Selecting the right seed source is crucial for successful reforestation with Neltuma spp.
Genetic variation among populations is largely shaped by geographic and environmental
gradients influencing the development of adaptive traits (Pastorino & Marchelli, 2021). As a
result, seed origin directly affects morphological and physiological adaptations like seedling
vigor, stress tolerance, and adaptability to local conditions (Mantovan, 2002; Vega et al.,
2020). Intraspecific variation in traits like height, basal diameter, and salinity or drought
tolerance has been widely documented, particularly in N. alba and N. flexuosa (Cony, 1996;
Felker et al, 2008, Fontana et al., 2018; Kong et al., 2023; Salazar et al., 2019).

Provenance trials across Argentina consistently demonstrate that geographic origin
significantly influences seedling performance in Neltuma spp. Notably, populations
from Catamarca (N. flexuosa; Bessega et al, 2019; Cony, 1996; Mantovan, 2002;
Massa etal, 2023), Formosa, Salta and Chaco (N. alba; Lépez et al, 2001; Venier et al., 2021),
have shown superior growth and stress tolerance under both nursery and field conditions.
These findings are further supported by provenance trial data on superior performance
of specific Neltuma populations across multiple species and traits relevant to restoration
success (table 1, page 214).
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Table 1. Seed sources for restoration: evidence from Neltuma spp. trials.

Tabla 1. Origenes de semillas para la restauracion: evidencia de los ensayos de Neltuma spp.

Specie Origin Observed Performance Reference
Ibarreta (.F ormqsa), Castelli (Chaco), Géto. C,olo~rad0 (Santa Fe), Families from Ibarreta (Formosa) and Castelli Lopez
N. alba Zona de Riego Rio Dulce, Sumampa, Quimili, Afiatuya, and Pinto (Chaco) showed superior diameter and height etal. 2001
(Santiago del Estero) (Argentina) P ght- v
N. alba Santiago del Estero, Northern Salta, Western Formosa, Salta excels in growth traits, while Chaco Venier et al.,
’ Chaco (Argentina) exhibits saline tolerance. 2021
San Juan, La Rioja (Chamical, Lamadrid, Chilecito), No significant difference in germination Cony &

N. chilensis

Catamarca (Argentina)

capacity

Trione, 1998

Fiambald, Guandacol, Talampaya, Andalgala, Astica, Belén,
Villa Unidn, Los Talas, Conlara, Tinogasta, Chilecito, Las

The spring budding pattern is associated

N. chilensis Tucumanesas, Chancani, Soto, Catamarca, Patquia, Villa v.v1t1.1 .geogra.phlc and .Chmatlc gradients. No Carranza
. . . significant difference in shoot length, due to etal,2000
Dolores (Argentina) and Pama, Rio Pama, Pama Alto-Bajo, hich intra-population variabili
ca. Mt. Patria, Mt. Patria, Agua Chica (Chile) g pop -
Significant genetic differentiation. Most Chequer
N. chilensis Fiambalg, Chilecito, Mogna, Villa Unién (Argentina) & . & . . L Chara
differentiated: Villa Union.
etal, 2021
Cerro Negro, Encrucijada, Yavi in the Puna region (Jujuy, Differences in seed protein electrophoretic Burghardt
N. ferox .
Argentina) patterns etal, 2004
Bolséon de Fiambal4, B. de Pipanaco, Llanos de Catamarca,
B. de Villa Unién, Chamical-Los Llanos, B. de Chilecito, L. . . . .
N. flexuosa de Angaco-Lavalle, Alvear, Nacufian, Algarrobo del Aguila- B. de Fiambald cz:illsel;rl'lelght and basal Cony, 1996
Limay Mahuida, B. de Rodeo, Rio Colorado-General Conesa '
(Argentina)
N. flexuosa La Pampa, San Juan, La Rioja (Chamical, Lamadrid, Lamadrid displayed the highest germination Cony &
’ Chilecito), Catamarca (Argentina) capacity. Trione, 1998
Catamarca and San Juan differ in spine, total Brizueela
N. flexuosa Mendoza, Catamarca, San Juan (Argentina) leaf, petiole, primary pinna, leaflet, fruit, and etal u2000
apex length. v
Castelli and Ibarreta showed higher pod yield.
Rio Dulce Irrigation zone (Santiago del Estero), Pinto Rio Dulce Irrigation zone exhibited greater Ewens &
N. alba (Santiago del Estero), Castelli (Chaco), Ibarreta (Formosa) diameter, height and canopy diameter. Castelli
. . Felker, 2010
(Argentina) was the most erect and showed resistance to
Psyllid insects and fungal diseases.
Bolson de Fiambala, B. de Pipanaco, Chamical-llanos, B. de Maltovan
N. flexuosa Mogna, Telteca, Nacufian, Rio Colorado, General Conesa B. de Fiambala and Pipanaco were taller. 2002 !
(Argentina)
Fiambala, Pipanaco, Mogna, Chilecito, Aguila Limay Fiambala showed superior growth Bessega
N. flexuosa .
(Argentina) performance. etal, 2019
. . . . . . . . Massa
N. flexuosa Fiambal4, Monte Coman (Argentina) Fiambal4 excelled in height. et al. 2023

Recent studies highlight substantial adaptive variation across Neltuma spp. Genome-wide
analyses in N. alba have revealed the molecular basis of key adaptive traits for selecting
resilientgenotypes (Kongetal,2023).N. albashows high geneticdiversity within populations
and moderate differentiation among them, with local adaptation across morphotypes
(Bessega et al.,, 2015; Pastorino & Marchelli, 2021). The species also exhibits strong drought
and salinity (Kong et al, 2023; Velarde et al, 2003; Venier et al, 2021). Heritability for
traits such as height and pod production suggests good potential for genetic improvement
(Carreras et al., 2017; Felker et al, 2001). Hybridization with N. nigra and N. ruscifolia in
contact zones contributes to increased variability and adaptive potential (Vega et al,, 2020).
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N. flexuosa displays strong clinal variation in morphology and phenology along a
north-south gradient, with northern populations being taller and single-stemmed, and
southern ones shorter and multi-stemmed (Cony, 1996; Mantovan, 2002; Massa et al,
2023; Villagra et al, 2005). Further, N. flexuosa shows high intraspecific variation in salt
tolerance during germination (Cony & Trione, 1998), and traits like leaflet size exhibit high
heritability (Darquier et al, 2013). Genetic differentiation and local adaptation have been
confirmed through SSR markers and QST-FST analyses (Bessega et al., 2019; Darquier et
al, 2013). Hybridization with N. chilensis in sympatric zones further increases natural
variability (Bessega et al., 2022; Vega et al., 2020).

N. ferox shows early signs of genetic divergence among populations, with polymorphism
in polypeptide fractions and the presence of ecotypes likely driven by environmental
pressure and geographic isolation (Burghardt et al., 2004).

In contrast, N. chilensis exhibits low genetic variation in foliar traits among provenances
(Bessega et al, 2022) and weak adaptive responses to macro-environmental factors.
For instance, plants originating in greater longitudes were related to greater frost
sensitivity and lower initial growth rates, while higher altitude and precipitation inversely
correlated with frost sensitivity (Verzino et al., 2003). The data suggest a general pattern
where high intrapopulation variation allows acclimatation, without major genetic
alterations. (Verzino et al, 2003). Microsatellite analyses show low but significant genetic
differentiation (Chequer Charan et al.,, 2021), while chemical variability among populations
suggests potential for differentiation in secondary metabolites (Lamarque & Guzman,
1997). Additional studies have linked bud break phenology and germination performance
to geographic and environmental stress factors (Carranza et al, 2000; Cony & Trione,
1998), supporting the potential for genetic improvement through selection and breeding
(Lamarque & Guzman, 1997).

A recent study successfully designed and validated 12 provisional Seed Transfer Zones
(STZs) for N. alba in Argentina, aimed at supporting reforestation and afforestation efforts
while minimizing maladaptation risks (Orquera et al, 2025). Researchers developed
an Ecogeographic Land Characterization (ELC) map based on bioclimatic, edaphic, and
geophysical variables (Orquera et al, 2025). The STZs were validated by showing strong
concordance with morphological groups derived from adaptive traits, indicating that
environmental factors significantly influence species’ adaptive characteristics (Orquera et
al, 2025). This approach provides a robust and easy-to-apply tool for germplasm collection
and transfer, addressing the endangered genetic diversity of N. alba due to deforestation
(Orquera et al, 2025). Additionally, the study identified gaps in existing germplasm
collections, guidance for future conservation efforts (Orquera et al., 2025).

Integrating morphological and physiological knowledge about variation among
provenances (Brizuela et al, 2000; Mantovan, 2002) allows selection and breeding
programs (Carreras et al.,, 2017; Vega et al., 2020). However, many studies are short-term
and focus solely on nursery traits, without tracking long-term field performance.
Methodological inconsistencies in trial conditions or the use of outdated genetic markers
limit cross-study comparability, in addition to the taxonomic and geographic bias, with
research concentrated on a few species and regions. Operational feasibility is also
underexplored; few studies address logistical or economic challenges of sourcing seeds
from high-performing provenances. These gaps challenge current recommendations and
complicate the development of scalable restoration strategies.

Early selection and breeding programs should prioritize traits linked to survival
under arid conditions, while also considering pod quality and yield (Felker et al, 2001;
Lopez Maldonado et al, 2001). Thus, to ensure field survival, seed source selection must
consider ecological and operational criteria like (I) expanding genomic resources to
underrepresented species such as N. ferox and N. ruscifolia; (11) standardizing protocols for
seed collection, storage, and evaluation; (III) integrating socioeconomic considerations,
including seed availability and cost-effectiveness; (IV) linking nursery performance to field
success through long-term monitoring.
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Nursery Production of Neltuma spp. in Arid Regions

Seed Pre-treatment Methods for Enhanced Germination

Neltuma spp. are primarily propagated through seeds, often exhibiting physical
dormancy. In natural ecosystems, frugivorous animals consume and disperse Neltuma spp.
seeds. However, they do not inherently promote scarification (Passera, 2000; Peinetti et al.,
1993) and even decrease seed germination percentage (Pratolongo et al, 2003). In fact,
they may even reduce seed viability, particularly for seeds that remain encapsulated within
the pod or are only partially digested (Peinetti et al, 1993; Ortega Baes et al.,, 2002). As a
result, natural dispersal does not reliably enhance germination, and in nursery settings,
dormancy must be actively broken through mechanical or chemical scarification to ensure
uniform germination (Renzi et al., 2024; Vilela & Rovetta, 2001).

Dormancy levels vary significantly according to species, seed origin, harvest year, and
within seed lots, highlighting the need for species- and context-specific studies (Renzi et al.,
2024). For instance, in N. ferox, germination varies with scarification method, each affecting
seed coat permeability and seedling emergence differently (Ortega Baes et al., 2002).

At nursery scale, scarification treatments may be chemical or physical. Chemical
methods, like immersion in concentrated sulfuric acid, erode the hard seed coat and facilitate
water uptake. These methods are particularly effective for species with strong dormancy,
such as N. ruscifolia and N. alpataco (Abdala et al, 2020; Boeri et al., 2019). Meanwhile,
physical methods, including nicking with a blade, abrasion with sandpaper, or soaking in
hot water, are effective for species like N. chilensis (Killian, 2012), N. flexuosa, N. sericantha
(Funes et al, 2009), N. alba, and N. kuntzei (Bravo et al., 2011; Vilela & Ravetta, 2001),
being safer and more practical for nursery-scale operations (Mathers et al., 2007).

Table 2 summarizes species-specific responses to various scarification techniques. These
data underscore treatment effectiveness across species and seed lots, reinforcing the need
for tailored protocols. For example, germination of N. alba significantly increased after seed
immersion in 100°C water for 24 hours (Salto et al., 2016). Besides, mechanical scarification
followed by soaking significantly increased germination rates in N. flexuosa (Brizuela et al.,
2000), N. ruscifolia shows optimal germination after 3 minutes in concentrated sulfuric acid
(Abdala et al, 2020), and N. alpataco achieves high germination rates with a 30-minute
acid treatment and complete cutting of the seed coat edge (Boeri et al, 2019). By selecting
the appropriate pre-treatment method, nursery managers can significantly improve
germination efficiency, uniformity, and overall seedling quality.

Table 2. Effective scarification techniques for Neltuma spp. seedling production.
Tabla 2. Técnicas efectivas de escarificacion para Neltuma spp. en la produccién de plantulas.

Specie Chemical treatment Physical treatment Reference
N. alba, Sulfuric acid 1N for 15 min, Nicking seeds with a razor blade. Vilela & Ravetta
N. chilensis, followed by washing and Thermal treatment (with boiling 2001 !
N. flexuosa soaking in water water)
Sulfurlc acid at different Mechanical scarification by partial and Boeri
N. alpataco durations (2, 5, 10, 20, 30, 40, . .
- total cutting of the seminal cover edge etal, 2019
50, and 60 min)
Nicking of the seed coat, mechanical
X . scarification, soaking in room Bravo
N kuntzei Not Applicable temperature water, and soaking in etal, 2011
boiling water
Cutting the seed coat, mechanical
e Concentrated sulfuric acid scarification, immersion in water at Abdala
N. ruscifolia . . A
for 3 min room temperature, and immersion in etal, 2020
hot water
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This review identifies several methodological limitations and inconsistencies in Neltuma
spp. seedlings propagation techniques. For instance, germination trials often vary in
experimental conditions like temperature, light exposure, water quality, and seed storage
duration, hindering cross-study comparisons. While chemical scarification (especially
with sulfuric acid) is frequently cited as effective, few studies address its operational risks,
environmental impact, or feasibility in low-tech nursery settings. Physical methods, though
safer, often show variable effectiveness depending on species and seed lots.

Moreover, the response of Neltuma spp. to microbial or enzymatic pre-germinative
treatments has been poorly explored. These eco-friendly approaches could offer sustainable
solutions for large-scale propagation (Zare et al, 2011). Literature focuses on a few
well-studied species, with insufficient data on taxa like N. ruscifolia and N. alpataco, which
may have distinct dormancy mechanisms. Recent studies on endophytes in legumes suggest
that microbial interactions can enhance germination and seedling vigor by enzymatically
softening seed coats or hormonal signaling (Greeshma et al., 2025). These approaches could
offer sustainable, low-risk alternatives to chemical scarification, particularly in low-tech
nursery settings.

In conclusion, seed pre-treatment is a critical step in overcoming dormancy and ensuring
uniform germination in Neltuma spp. However, current practices remain poorly integrated
and highly species-specific. Future research should (I) develop standardized and scalable
protocols for species-specific seed sources, (II) conduct comparative trials assessing
both germination success and downstream seedling performance, (III) explore and
evaluate eco-friendly alternatives for cost-effectiveness and operational feasibility. A more
holistic and evidence-based approach to seed pre-treatment will enhance efficiency, safety,
and sustainability of Neltuma seedling production for ecological restoration in arid and
semi-arid ecosystems.

Integrated Effects of Container and Substrate on Seedling Development in Neltuma spp.

The interaction between container and substrate often exceeds the sum of their
contributions, significantly influencing seedling growth and development in Neltuma spp.
(Salto et al,, 2013, 2016). A high-quality substrate may underperform in a poorly designed
container, and vice versa (Salto et al.,, 2016). Therefore, nursery design must consider both
physico-chemical and biological requirements.

Container design should particularly consider volume, shape, and material (table 1,
supplementary material). These characteristics affect root architecture, water dynamics,
and operational efficiency (Mathers et al, 2007; Senilliani et al.,, 2021). Choosing between
bare root and container stock types also affects seedling performance, with containerized
systems often offering advantages in survival and establishment under challenging site
conditions (Grossnickle & El-Kassaby, 2016). Moreover, morphological and physiological
traits of N. alba seedlings are highly responsive to nursery management, reinforcing the
importance of optimizing environmental and operational variables to enhance plant quality
(Senilliani et al,, 2021).

Substrate selection is critical for root development and seedling vigour (table 2 in
the supplementary material for comparative data). Physical and chemical properties
like porosity, water retention, aeration and electrical conductivity directly influence root
development and nutrient uptake (Vence et al, 2013; Vilela & Ravetta, 2001). Soil texture
plays a critical role in seedling growth rate of N. flexuosa, N. argentina and N. alpataco when
comparing clay versus sandy soils (Villagra & Cavagnaro, 2000; Piraino & Roig, 2024). Flood-
ing-prone soils, like those with shallow clayey horizon and high sodium content, can signifi-
cantly decrease germination in N. nigra (Pratolongo et al., 2003). Similarly, high electrical
conductivity inhibits germination in N. argentina and N. pallida (Velardem et al, 2003;
Villagra, 1997), and reduce germination rates in N. alpataco, a species adapted to salinity
(Villagra, 1997). Commonly used substrates include composted pine bark, perlite, peat, and
vermiculite, as well as locally available organic materials like vermicompost, with strong
potential to enhance seedling quality while reducing costs (Massa et al., 2023; Mathers et
al,, 2007).
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Table 3 illustrates how container-substrate combinations shape the morphological
quality of Neltuma seedlings (detailed container and substrate specifications are
provided in Tables 1 and 2, supplementary material). Across trials, larger containers
(e.g., 250-270 cm?®) consistently supported greater height, root collar diameter, and biomass
accumulation, particularly when paired with well-aerated substrates such as composted
pine bark mixed with perlite or vermiculite (Salto et al, 2016; Senilliani et al,, 2021).
Soil-based substrates also performed well, especially in multi-cell trays, enhancing root
collar diameter and overall seedling robustness (Salto et al,, 2013). These results show
that container size and structure must align with substrate properties like porosity and
water retention, to support optimal plant development (Salto et al., 2016). Taller containers
require substrates with higher water retention, while shorter ones benefit from more
aerated mixes (Mathers et al, 2007). N. alba seedlings grown in 250 cm? ribbed containers
filled with a 1:1 mix of composted pine bark and perlite achieved superior height, root collar
diameter, and biomass allocation (Senilliani et al., 2021). Similarly, N. nigra performed best
in seedling tubes and multi-cell trays filled with soil or a 2:1:1 mix of pine bark, perlite, and
vermiculite. Soil consistently yielded the highest morphological quality (Salto et al., 2013).

Table 3. Comparative effects of container-substrate combinations on morphological traits in Neltuma spp.

Tabla 3. Efectos comparativos de las combinaciones de contenedor-sustrato sobre los rasgos morfolégicos en

Neltuma spp.
Specie Substrate zxi::li:l{ Type of Volume | Height | Diameter Observed Reference
P Composition . Container (cm?) (mm) (mm) Performance
Characteristics
Composted TP (>85%), AP Seedlings grown in
pine bark and (55-70%), WR TC 250 137 64 larger containers with
perlite (3:1) (20-30%) a 1:1 mix were taller Senilliani
N. alba and had largest root
. etal, 2021
Composted TP (32-51%), collar diameter, and
pine bark and AP (20-21%), TC 125 150 40 aerial/root biomass
perlite (1:1) WR (11-30%) values.
TP (46-52%), IST 100 140 35
Soil AP (43-48%),
WR (3-4%) MCT 90 90 40
S TP (51-69%), IST 100 140 35
piné)bark AP (32-45%),
WR (19-25%)
MCT 90 20 40 Soil consistently
produced the largest
IST 100 140 35 root collar diameter
N. alba Composted TP (41-66%), and seedling height Salto
and pine bark and AP (36-61%), in both trays and etal. 2013
N. nigra soil (1:1) WR (5-8%) seedling tubes, v
MCT 90 90 40 outperforming all
other substrate
Composted combinations.
pine bark, TP (60-65%), IST 100 140 35
perlite and AP (27-35%),
vermiculite WR (27-33%)
(2:1:1) MCT 90 90 40
Perlite and TP (63-67%), IST 100 140 35
vermiculite AP (40-45%),
(1:1) WR (18-27%) MCT 90 90 40

TC (Truncated cone with internal ribs), MCT (Multi-cell trays), IST (Individual seedling tubes), TP (Total Porosity), AP (Aeration Porosity), WR (Water retention).
TC (Cono truncado con nervaduras internas), MCT (Bandejas multiceldas), IST (Tubos de plantulas individuales), TP (Porosidad total), AP (Porosidad

de aireacioén), WR (Retencién de agua).
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Table 3 (page 218), shows the best results for high-porosity substrates (e.g., pine bark
+ perlite + vermiculite) paired with 100-140 cm?® containers (Salto et al.,, 2016; Senilliani
et al, 2021). Soil-based substrates consistently produced the largest root collar diameters,
particularly in seedling tubes (Salto et al,, 2013). These interactions confirm that neither
container nor substrate alone determines seedling quality; rather, their combination must
be optimized based on species-specific responses. This reinforces the need for integrated
nursery planning, considering physical infrastructure and biological requirements.

Beyond physical factors, the role of beneficial microbial interactions remains
underexplored in Neltuma spp. nursery systems. Mycorrhizal associations can improve
soil properties, like total biological activity, electrical conductivity, pH, and organic matter
content (Sagadin etal, 2023; Salto et al., 2019, 2024). Multi-omic approaches can help select
microbial inoculants with particular functional traits like growth promotion, abiotic stress
tolerance, or improved nutrient uptake (Greeshma et al.,, 2025). Considering Neltuma spp.,
this technology could improve inoculation efficiency and overall seedling quality.

Despite these advances, several knowledge gaps remain. Few studies have tracked
long-term field performance, and economic analyses of substrate and container choices are
scarce (Oumahmoud etal,, 2023). Moreover, the role of microbial inoculants like mycorrhizal
fungi is underexplored. Future research should prioritize (I) long-term, field-based
evaluations to link nursery performance with restoration success, (II) cost-benefit analyses
to assess scalability and economic feasibility of nursery practices, (III) integration of
microbial inoculants to enhance seedling vigor and stress tolerance, and (IV) assessment of
synergistic effects among bio-inoculants, substrates and container types.

CONCLUSION

Despite decades of research on Neltuma species, implementing effective nursery
production techniques remains a challenge. Although breeding programs have identified
superior traits and seed sources, their application in nursery practices remains limited due
to poor standardised seed collection protocols, storage, pre-germinative treatments, and
seedling management.

This review proposes several actionable insights ready to apply. For instance, nursery
operators can (I) select seed sources based on provenances with superior performance
under nursery and field conditions, (II) apply species-specific pre-germinative treatments
validated for N. alba, N. flexuosa, and N. ruscifolia, and (III) optimize container-substrate
combinations. Furthermore, restoration planners and policymakers are encouraged to (I)
establish regional seed banks with documented provenance data, (II) promote training
programs to disseminate evidence-based nursery practices, and (III) utilize ecogeographic
tools such as Seed Transfer Zones (STZs) to guide germplasm collection and minimize
maladaptation risks.

Enhanced propagation and restoration potential of Neltuma spp., should prioritize (I)
long-term field trials linking nursery performance with restoration success, (II) integration
of genomic tools beyond N. albg, (III) standardization of nursery protocols across regions
and species, (IV) exploration of biological interactions, including microbial inoculants and
(V) evaluation of economic feasibility to guide scalable restoration strategies.

With coordinated action across science, practice, and policy, Neltuma spp. can become a
cornerstone of climate-resilient restoration in arid and semi-arid ecosystems.

SUPPLEMMENTARY MATERIAL

https://docs.google.com/document/d/109syPEwVsHZFEAnRr_oR_X3qRIAHivVa/
edit?usp=sharing&ouid=111310786017351827239&rtpof=true&sd=true
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