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Cutting and juvenile cutting as complementary
strategies for the propagation and
conservation of Conocarpus erectus
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Abstract
Introduction: Limited seed availability constrains mangrove restoration, but vegetative propagation through cutting and juvenile cut-
ting (mini-cutting), supported by indole-3-butyric acid (IBA), a synthetic auxin that stimulates adventitious rooting, offers a scalable
solution for Conocarpus erectus.
Objectives: To evaluate cutting and juvenile cutting (mini-cutting) techniques, with and without IBA, for the vegetative propagation of
C. erectus, supporting genotype rescue and effective ex situ conservation for mangrove restoration.
Methods: Cuttings of C. erectus were collected from mature stock plants. The effect of IBA was tested at 0, 2000, 4000, 6000, and
8000 mg/L in a completely randomized design with three replicates. A semi-hydroponic system was used to evaluate mother plants
(mini-stump) survival and sprouting capacity. Juvenile cuttings were rooted under greenhouse conditions with IBA concentrations
of 0, 4000, and 8000 mg/L, following a randomized block design with four replicates. Data were analyzed using one-way analysis
of variance followed by Tukey’s test for mean comparison, and polynomial regression to assess dose–response trends.
Results: Conocarpus erectus reached 56–57% rooting cuttings at 4000–6000 mg/L of IBA and up to 75% in juvenile cuttings. Mini-
gardens proved highly effective for C. erectus, achieving 100% mini-stump survival and producing 388 sprouts/m2 (5.8 sprouts per
stump at 15 � 10 cm spacing).
Conclusions: Cutting is a reliable propagation method for C. erectus, whereas juvenile cuttings are highly efficient, particularly when
combined with IBA at 4000 and 6000 mg/L.
Implications for Practice: Cutting is an efficient strategy for the rapid propagation of Conocarpus erectus, enabling the rescue and
multiplication of genotypes from natural populations while contributing to their conservation and the maintenance of genetic variabil-
ity. Juvenile cutting (mini-cutting), particularly when combined with optimal IBA concentrations, markedly enhances rooting success
and overall propagation efficiency in C. erectus, representing a plastic strategy suitable for changing or heterogeneous environments
due to its physiological vigor. Mini-gardens operate as compact and productive living germplasm banks, facilitating continuous ex situ
conservation and large-scale plant production. Vegetative propagation techniques therefore provide reliable alternatives in situations
where seed availability is low or natural regeneration is limited, strengthening the resilience and scalability of mangrove restoration
programs.
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Introduction

Mangrove forests are vital coastal ecosystems situated at the inter-
face between land and sea, providing essential ecological func-
tions and ecosystem services. These forests act as nurseries and
habitats for numerous marine and terrestrial species, thereby sup-
porting biodiversity and coastal productivity (Su et al. 2021). In
addition to their ecological roles, mangroves contribute to carbon
sequestration, shoreline protection, raw material supply, and
socio-cultural services such as education and tourism
(Das 2017; Sidik et al. 2018). Their root systems stabilize sedi-
ments and buffer coastlines against erosion and climate-related
disturbances (Sidik et al. 2018).

Despite their significance, mangroves face increasing degrada-
tion due to urbanization, aquaculture, agriculture, deforestation,
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and climate-induced stressors such as sea-level rise and salinity
shifts (Goldberg et al. 2020; Saintilan et al. 2020; Su
et al. 2021). Brazil contains one of the world’s largest mangrove
areas, hosting high species richness, including Red mangrove
(Rhizophora mangle L.), Button mangrove (Conocarpus erectus
L.), and other key taxa (Diniz et al. 2019;Matta et al. 2025). How-
ever, habitat loss and fragmentation threaten the genetic diversity
and long-term persistence of these species (Santos et al. 2019;
Goldberg et al. 2020).

Conocarpus erectus is a salt-tolerant species of ecological
and economic importance, widely distributed in tropical regions
and valued for its medicinal properties and phytoremediation
potential (Rad et al. 2019; Ochoa-Gomez et al. 2021;
El-Mahrouk et al. 2024). However, its natural regeneration is
constrained by seed predation, salinity stress, and low propagule
availability (Elster & Perdomo 1999). Seed propagation is par-
ticularly constrained due to low viability (often below 12%)
and high seedling mortality, with germination rates as low as
5% during the dry season and only 1.6% of seedlings surviving
to the reproductive phase (Tomlinson 1986; Hernandez &
Espino 1999; Kass et al. 2007). These limitations create a natural
propagation bottleneck for restoration initiatives.

To overcome this, vegetative propagation has been applied
successfully in mangrove and coastal species. Stem cuttings of
C. erectus have shown rooting percentages of 57–71%, particu-
larly when apical cuttings are treated with IBA concentrations
around 3000 mg/L (Safaa et al. 2014; Abdel-Rahman et al.
2020). Other methods, such as micropropagation (Dewir
et al. 2018) and aerial layering (Abdul-Hafeez 2020), have also
been explored but remain costly and labor-intensive.

In this context, two vegetative propagation strategies can be
applied to restoration and conservation programs, each suited
to distinct ecological scenarios. Standard cuttings, derived from
mature stems, serve as a rapid-propagation strategy appropriate
for stable environments, where uniform clonal establishment
accelerates site recovery. In contrast, juvenile cuttings (com-
monly termed mini-cuttings in the literature) are obtained from
managed propagation systems under controlled conditions and
represent a long-term conservation strategy for heterogeneous
or changing environments. Juvenile propagules exhibit greater
physiological vigor, which can enhance acclimation and contin-
uous production under variable environmental conditions (Dias
et al. 2012; Wendling et al. 2014; Felice et al. 2024).

Both techniques are affected by factors such as the physiolog-
ical status of the donor plants, cutting maturity, and environmen-
tal conditions. The application of growth regulators such as
indole-3-butyric acid (IBA) can promote adventitious root for-
mation and improve propagation efficiency (Stuepp
et al. 2017b; Díaz-Sala 2020, 2021). Despite the ecological
and economic importance of C. erectus, no studies have yet
investigated its propagation using juvenile cuttings or compared
these techniques within an integrated restoration framework.

Therefore, this study evaluates the effectiveness of standard
and juvenile cuttings, with and without IBA treatment, for the
vegetative propagation and conservation of C. erectus. We pro-
pose a dual framework in which cutting is a rapid-response
method for genotype rescue and in situ restoration in stable

environments, while juvenile cutting serves as a continuous,
long-term ex situ conservation strategy in variable environ-
ments. We hypothesize that: (1) C. erectus exhibits high adapt-
ability to juvenile cutting systems due to its physiological
vigor; (2) IBA enhances rooting efficiency in both techniques;
and (3) the managed propagation system can function as a germ-
plasm bank supporting sustained conservation and restoration
efforts.

Methods

Cutting Propagation: Collection of Propagules and Effect of IBA
on Rooting

Vigorous shoots used as propagules for cutting propagation
were collected from the basal portion of the canopy formed dur-
ing the current growing season (Fig. 1). These propagules were
obtained from 20 mature parent trees located in a mangrove area
in Icapuí, Cear�a, Brazil. Propagule collection was carried out at
5:00 hours to minimize water loss due to evapotranspiration.
After collection, the propagules were placed in insulated styro-
foam boxes and transported to the Forest Research Nursery of
the Federal Rural University of the Semi-Arid (UFERSA),
Brazil.

To evaluate the capacity of cuttings to rescue genotypes of
Conocarpus erectus, we tested different concentrations of IBA
on rooting performance. Propagules were prepared as 10 cm
cuttings, retaining two pairs of leaves reduced to 50% of their
original area. The basal 2 cm of each cutting was immersed in
IBA solutions at 0 (control), 2000, 4000, 6000, and 8000 mg/
L. Cuttings were planted in 55 cm3 polypropylene tubes filled
with a commercial substrate (70% sphagnum peat and 30% ver-
miculite) with the following properties: pH (H2O) = 5.70; avail-
able water = 8%; remaining water = 25%; total porosity =
60%; bulk density = 878.84 kg/m3; air space = 30%; electrical
conductivity = 0.5 mS/cm. Cuttings were maintained in a
greenhouse for 30 days, with relative humidity kept above
80% using an automatic irrigation system with micro-sprinklers
activated every hour for 60 seconds. During this period, air tem-
peratures ranged between 25 and 34�C.

The experiment was conducted in a completely randomized
design (CRD) with three replicates and 12 cuttings per plot.
After 30 days, survival and rooting rates were calculated, and
cutting efficiency was defined as the proportion of propagules
that successfully rooted relative to the total number of propa-
gules produced. Rooted cuttings were later used to establish a
mini-garden for continued propagation and conservation.

Juvenile Cutting Propagation: Mother Plants Management and
Effect of IBA on Rooting

After rooting (30 days), C. erectus were acclimatized for
15 days under 50% shade. Forty-five days after cutting pro-
pagation, seedlings were transplanted to a sand bed
(7.5 m � 0.9 m � 0.3 m) filled withmedium-textured sand, with
15 � 10 cm spacing. Both irrigation and fertigation were applied
through a drip system: irrigation was automated hourly for
60 seconds, and fertigation was performed once daily. Fertigation
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was provided using a nutrient solution containing: 117.0 mg/L
nitrate-N, 15.75 mg/L ammonium-N, 14.63 mg/L P, 131.62
mg/L K, 84.0 mg/L Ca, 25.21 mg/L Mg, 73.28 mg/L S,

0.01 mg/L B, 0.02 mg/L Cu, 69.73 mg/L Fe, 0.03 mg/L Mn,
0.008 mg/L Zn, and 0.0016 mg/L Mo. Solution conductivity
was maintained between 1.5 and 2.0 mS/cm at 27�C.

After 30 days, seedlings were apically pruned to 10 cm
height to induce epicormic sprouting (Fig. 1). A CRD was used
with four replicates of 25 mini-stumps (mother plants main-
tained under controlled conditions for continuous propagule
production) each. To assess the effect of successive pruning in
mini-gardens on propagule production and genotype conserva-
tion, the following characters were evaluated every 45 days over
four successive collections (prunings): survival rate (%), sprout
production per mini-stump (number of sprouts/mini-stump), and
productivity (number of sprouts m�2 month�1). Formulas used:
survival (%) = (surviving mini-stumps/initial mini-stumps) �
100; sprout production = total sprouts/surviving mini-stumps;
and productivity = total sprouts/(area � time).

To evaluate the rooting response of juvenile cuttings (mini-
cuttings) and the effect of IBA, 5-cm-long cuttings with one pair
of fully expanded leaves (no leaf area reduction) were collected
frommini-stumps. The basal 2 cm of each cutting was immersed
in IBA solutions at 0, 4000, and 8000 mg/L for 10 seconds. The
cuttings were then inserted into 55 cm3 tubes filled with
the same substrate previously described for standard cuttings.

Propagules were maintained in a climate-controlled green-
house with greater than 80% humidity and 25–34�C, and irri-
gated with micro-sprinklers every hour for 60 seconds. The
experiment followed a randomized block design, with four rep-
licates and 10 cuttings per plot. Rooting was assessed 30 days
after the cuttings were set in the substrate, when more than
50% of the mini-cuttings had developed roots ≥0.5 cm.

The rooting evaluation of cuttings included: survival rate,
rooting rate, number of roots per mini-cutting, length of the lon-
gest root, and fresh and dry biomass of both shoot and root sys-
tems. Mini-cuttings were considered rooted and viable when
they exhibited roots longer than 0.5 cm and green-colored
leaves. For root system analysis, excess substrate was removed
using water; the number of roots emerging from the base of
the mini-cutting was counted, and the length of the longest root
was measured with a millimeter ruler. The shoot and root sys-
tems were separated by cutting at the root collar. Fresh mass
was measured using an analytical balance, and dry mass was
determined after drying in a forced-air oven at 65�C until con-
stant weight, followed by weighing.

The rooting and survival rates of the mini-cuttings were cal-
culated as: (number of rooted propagules/total number of
propagules) � 100. The means for the number of roots, length
of the longest root, fresh and dry mass of shoots and roots were
calculated based on the rooted mini-cuttings only.

Finally, the mini-cutting efficiency index (Emini-cutting) was
calculated as the product of normalized variables: Emini-
cutting = (S/100) � (Sp/Spmax) � (Rr/100), where S is the
survival rate of mini-stumps, ranging from 0 to 100% (normal-
ized to 0–1); Sp is the number of sprouts produced per mini-
stump, normalized in relation to an expected maximum value
(the value obtained from the first harvest for both C. erectus
and Rhizophora mangle); and Rr is the rooting rate, ranging
from 0 to 100%, using the highest observed rooting value as

Figure 1. Chronological workflow of cutting and juvenile cutting (mini-
cutting) propagation of Conocarpus erectus, highlighting donor plant
selection, mother plants (mini-garden) establishment, propagule harvesting,
and rooting.
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the reference for normalization. The resulting index ranges
from 0 to 1, with values closer to 1 indicating higher mini-
cutting efficiency. No specific efficiency indices for mini-
cutting were found in the literature for mangrove species;
therefore, the present criteria were developed by the authors
for this study.

The efficiency of mini-stumps (Emini-stump) was calculated
based on the number of rooted propagules produced per mini-
stump (Stuepp et al. 2021). It was estimated using the mean
number of propagules produced per mini-stump (MSp) and the
rooting percentage of the produced propagules (RP): Emini-
stump = (MSp � RP)/100.

Statistical Analysis

All data were initially tested for normality of residuals and
homogeneity of variances using the Shapiro–Wilk and Bartlett
tests, respectively. To evaluate the effect of five concentrations
of IBA on the rooting response of cuttings, a second-order poly-
nomial regression model was fitted in R. The model was speci-
fied as y = β2x

2 + β1x + β0, where y represents the rooting
rate, and the coefficients β2, β1, and β0 were estimated via least
squares regression using the lm() function. Model performance
was assessed using the coefficient of determination (r2) and
diagnostic plots to verify model assumptions and goodness-of-
fit. In addition, the p values for individual regression coefficients
(linear and quadratic terms) were calculated using t tests and
reported in the figure. This allows for the interpretation of the
significance of each component’s contribution to the overall
model response.

For the mother plants (mini-stump) and juvenile cutting
(mini-cutting) experiments, a one-way analysis of variance
(ANOVA) was conducted to assess the effects of IBA dose
(for mini-cutting) or collection time (for mini-stump), followed
by Tukey’s Honestly Significant Difference test when signifi-
cant differences were detected (p < 0.05). Lastly, comparisons
of cutting and mini-cutting, efficiency were performed using
independent samples t-tests.

Results

Cutting Propagation: Effect of IBA on Rooting

Rooting rates in Conocarpus erectus exhibited a quadratic
response to increasing IBA concentrations (Fig. 2). Rooting
peaked at 4000 mg/L (57%) and 6000 mg/L (56%), followed
by a sharp decline at 8000 mg/L (13.75%). The control treat-
ment (0 mg/L) and IBA concentrations of 2000 and 8000 mg/L
resulted in similarly low rooting percentages (13.75, 19.5, and
13.75%, respectively). These findings suggest that cutting, when
guided by optimized auxin concentrations, is a practical
approach for rescuing and propagating valuable genotypes.

Juvenile Cutting Propagation: Mother Plants Management and
Effect of IBA on Rooting

As shown in Figure 3, C. erectus maintained 100% mother
plants (mini-stump) survival throughout all collection cycles

(Fig. 3A). The species produced a maximum of six sprouts per
mini-stump during the first collection, followed by a decline to
an average of 4.5 sprouts in subsequent cycles (Fig. 3B). Sprout
productivity ranged from 388.7 sprouts m�2 month�1 in the
first collection to 276.6 sprouts m�2 month�1 in the latest eval-
uation (Fig. 3C).

The overall propagation efficiency of the system,
expressed as the ratio between the number of rooted mini-
cuttings per mini-stump, averaged approximately 4.5 during
the first collection (Fig. 3D). This indicates that, on average,
each mini-stump produced six propagules, of which 4.5 suc-
cessfully rooted, corresponding to an adventitious rooting
efficiency of approximately 75%. These results highlight
the high physiological vigor and rooting potential of
C. erectus under controlled mini-garden conditions. These
results demonstrate the technical feasibility and consistency
of the mini-garden system for the continuous production of
juvenile propagules of C. erectus under controlled environ-
mental conditions.

No significant effects of IBA concentration were observed for
mini-cutting survival (p = 0.983; Fig. 4A), root length
(p = 0.405; Fig. 4C), number of roots (p = 0.222; Fig. 4D),
or shoot fresh mass (p = 0.784; Fig. 4E). Conocarpus erectus
showed 100% survival, a mean root length of 9 cm, 5.4 roots
per mini-cutting, and 83.4 mg of shoot fresh mass (Fig. 4A–D).

In contrast, IBA concentration significantly affected rooting
percentage (p = 0.012; Fig. 4B), shoot dry mass (p = 0.018;
Fig. 4F), root fresh mass (p = 0.0002; Fig. 4G), and root dry
mass (p = 0.003; Fig. 4H). Rooting rate in C. erectus increased
with IBA concentration, showing a similar response at 4000 and
6000 mg/L, and peaking at 75% rooting with 6000 mg/L of
IBA, representing a 22.6% increase compared with the control
(Fig. 4B). Shoot dry mass was also significantly higher under
IBA treatments, ranging from 23.6 to 25.0 mg per mini-cutting

Figure 2. Rooting rate (%) of Conocarpus erectus cuttings subjected to
different IBA (indole-3-butyric acid) concentrations (0—control; 2000;
4000; 6000; and 8000 mg/L). The fitted quadratic regression equations for
Conocarpus erectus are presented in the graph, along with the coefficient of
determination (r2) values and p values for the regression coefficients. Error
bars represent � SE.
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at 4000 and 6000 mg/L, respectively (Fig. 4F). Root fresh
(Fig. 4G) and dry masses (Fig. 4H) reached their highest values
at 6000 mg/L, averaging 55 and 35 mg per mini-cutting, respec-
tively (Fig. 4G & 4H). The observed rooting performance of
C. erectus under the experimental conditions supports the appli-
cability of the mini-cutting technique for its propagation, with
potential implications for conservation and mass propagation
programs.

The propagation efficiency for C. erectus cuttings was
0.57 (57% of cuttings treated with 4000 mg/L IBA were con-
verted into rooted plants; Fig. 5), indicating a moderate per-
formance of this technique. When juvenile cuttings (mini-
cuttings) treated with 6000 mg/L IBA were used, the effi-
ciency index increased to 0.65. These results emphasize the
distinct responses associated with each propagation strategy
and highlight the importance of tailoring clonal propagation
protocols to the species’ biological and physiological traits

to optimize success in conservation and restoration
programs.

Discussion

This study demonstrates the response of Conocarpus erectus to
vegetative propagation techniques and IBA treatments, provid-
ing insights into optimized strategies for propagation and con-
servation under different restoration scenarios. The contrasting
behaviors observed between the two techniques underscore the
importance of selecting propagation strategies that align with
environmental stability and the desired degree of clonal unifor-
mity or phenotypic plasticity.

Standard cutting showed a propagation efficiency of 0.57
(57% of cuttings treated with 4000 mg/L IBA formed roots),
indicating a moderate yet consistent response under controlled
conditions. This level of performance suggests that the cutting

Figure 3. Survival, sprouting dynamics, and propagation efficiency of Conocarpus erectus mother plants (mini-stumps) during successive collection cycles.
(A) Mini-stump survival rate (p = 0.988); (B) mean number of sprouts per mini-stump (p = 0.0004); (C) sprout yield per square meter per month (p = 0.010);
and (D) propagation efficiency of mini-stumps, expressed as the ratio between the number of rooted mini-cuttings and the total number of mini-stumps. Different
uppercase letters indicate significant differences among collections according to Tukey’s test (p < 0.05). Bars represent mean + SE (n = 3).

March 2026 Restoration Ecology 5 of 8

Propagation and conservation of Conocarpus erectus



technique is suitable for rapid propagation in relatively stable
environments, where uniform clonal establishment is advanta-
geous for site colonization and stand formation. The positive
response of C. erectus to IBA concentrations of 4000–
6000 mg/L corroborates the sensitivity of mature tissues to
auxin stimulation, as previously reported for other woody spe-
cies (Safaa et al. 2014; Stuepp et al. 2017a). Optimizing auxin
dosage enhances rooting efficiency and vegetative rescue,

supporting genotype recovery from remnant or fragmented
populations.

In contrast, juvenile cutting (mini-cutting) reached a higher
efficiency index (0.65), with mini-stumps maintaining 100%
survival and continuous sprout production. These characteristics
demonstrate the adaptability of C. erectus to mini-garden sys-
tems and reveal its potential for long-term and scalable propaga-
tion with cost-effectiveness (Filho et al. 2018; Silva et al. 2022;

Figure 4. Effect of indole-3-butyric acid (IBA) concentration on the survival, rooting, and growth of Conocarpus erectus juvenile cuttings (mini-cutting).
(A) Survival (%; p = 0.983); (B) rooting (%; p = 0.012); (C) root length (cm per mini-cutting; p = 0.405); (D) number of roots (units per mini-cutting;
p = 0.222); (E) shoot fresh mass (mg per mini-cutting; p = 0.784); (F) shoot dry mass (mg per mini-cutting; p = 0.018); (G) root fresh mass (mg per mini-
cutting; p = 0.0002); and (H) root dry mass (mg per mini-cutting; p = 0.003). Different uppercase letters indicate significant differences among treatments
according to Tukey’s test (p < 0.05). Bars represent mean + SE (n = 4).
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Souza et al. 2023). The physiological vigor and phenotypic plas-
ticity of juvenile propagules confer greater resilience to environ-
mental variability, making this technique particularly suited for
restoration in dynamic or heterogeneous coastal systems. The
positive effect of IBA on rooting and biomass accumulation in
juvenile cuttings confirms the role of auxin in promoting adven-
titious root formation and supports the use of exogenous hor-
monal regulation to enhance clonal propagation performance
(Díaz-Sala 2021).

The effect of IBA was evident in both propagation tech-
niques, with C. erectus exhibiting optimal rooting at concentra-
tions between 4000 and 6000 mg/L. This response pattern was
consistent across cutting and juvenile cutting (mini-cutting) sys-
tems, suggesting a conserved auxin requirement for root induc-
tion in this species. Similar concentration ranges have been
reported for C. erectus stem cuttings (Safaa et al. 2014), reinfor-
cing the notion that the species’ sensitivity to exogenous auxin is
relatively stable, regardless of propagule maturity.

The maintenance of high IBA demand even in juvenile propa-
gules indicates that increased juvenility does not necessarily reduce
the auxin threshold required for maximum adventitious rooting.
However, the superior rooting index observed in juvenile cuttings
comparedwith standard cuttings under the same IBA concentration
reveals the positive influence of physiological vigor and juvenility
on rooting efficiency. These results demonstrate that while auxin
responsiveness in C. erectus appears species-specific and con-
served, the regenerative potential of propagules is strongly modu-
lated by their ontogenetic stage and physiological condition,
which reflects distinct physiological and maturity sensitivities
(Wendling et al. 2014; Stuepp et al. 2017b; Xavier et al. 2021).

From a conservation perspective, the integration of both tech-
niques provides a flexible framework: standard cutting serves as
a rapid-response strategy for in situ genotype rescue in stable
environments, whereas juvenile cutting offers a sustainable ex
situ alternative, functioning as a living germplasm bank for con-
tinuous clonal production. This framework strengthens genetic
conservation and supports restoration planning across varying
environmental conditions, improving the resilience of rehabili-
tated mangrove ecosystems.

Compared to other ex situ approaches, such as tissue culture
or large field germplasm banks, cutting and juvenile cutting sys-
tems are cost-effective, genetically stable, and scalable (Abiri
et al. 2020; Hanson & Ellis 2020). Moreover, this is the first
documented use of the juvenile cutting technique for
C. erectus, highlighting the novelty and applicability of this
approach to mangrove propagation.

Effective in situ and ex situ conservation strategies are essen-
tial to prevent irreversible losses and to safeguard the critical
ecosystem services provided by mangroves (Malik et al. 2015;
Bindiya et al. 2023). Cutting and juvenile cutting techniques
constitute a practical and compact alternative for establishing
living germplasm collections aimed at conserving and multiply-
ing genotypes.

In summary, our findings support the interpretation that stan-
dard cutting is a suitable rapid-propagation method for stable
environments, favoring uniform clonal establishment, while
juvenile cutting represents a long-term, phenotypically plas-
tic strategy appropriate for changing or heterogeneous envi-
ronments. The combined use of both techniques thus
provides a biologically and operationally integrated model
for mangrove restoration and conservation under diverse eco-
logical conditions.
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