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Abstract 

Soil and water bioengineering (SWBE) is increasingly used as a nature-based solution for 

riverbank stabilization and riparian restoration, yet its effectiveness in tropical environ-

ments remains constrained by limited field-based evidence of species performance under 

hydrological disturbance. This study evaluated the establishment success and ecological 

effectiveness of four native riparian species (Croton urucurana Baill., Sesbania virgata (Cav.) 

Pers., Iochroma arborescens (L.) J.M.H.Shaw, and Gymnanthes schottiana Müll.Arg.) installed 

as live cuttings on a riprap structure exposed to recurrent flooding along the Paraopeba 

River, Brazil. A total of 160 live cuttings were monitored over a 33-month establishment 

period to assess survival, structural development, spontaneous vegetation recruitment, 

and changes in soil chemical properties and soil organic carbon stocks. Flooding acted as 

a dominant ecological filter, causing substantial early mortality, with overall survival de-

clining sharply during a 70-day inundation period that included 58 consecutive days of 

submergence. Croton urucurana exhibited the highest survival and structural develop-

ment, reaching median heights exceeding 5 m and cumulative shoot diameters greater 

than 100 mm after 33 months, whereas Gymnanthes schottiana showed complete mortality 

within the first year. Vegetation establishment facilitated spontaneous recruitment of na-

tive woody species, with 22 individuals recorded in planted sections compared to only 3 

in adjacent non-planted areas. Soil organic carbon stocks increased from 38.9 to 60.6 Mg 

C ha−1 in the 0–40 cm soil profile, indicating rapid soil development. These results demon-

strate that SWBE interventions can simultaneously promote riverbank stabilization, veg-

etation recovery, and soil carbon accumulation. By providing quantitative field-based ev-

idence under realistic hydrological disturbance conditions, this study advances the un-

derstanding of species selection and the ecological effectiveness of SWBE interventions in 

tropical riparian ecosystems. 
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1. Introduction 

Riparian zones are critical transitional ecosystems linking terrestrial and aquatic en-

vironments and provide essential regulating ecosystem services, including riverbank sta-

bilization, sediment and nutrient retention, flood mitigation, water quality protection, and 

carbon sequestration, while supporting high levels of biodiversity and landscape connec-

tivity [1,2]. Despite their ecological and societal importance, riparian ecosystems have 

been increasingly degraded worldwide because of land-use change, river regulation and 

channel modification, mining activities, and the intensification of extreme hydrological 

events, which can disrupt fluvial processes and compromise ecosystem resilience [3,4]. In 

addition, in tropical river systems, climate change is expected to further amplify flood 

magnitude and frequency, intensify rainfall extremes, and increase erosion and sediment 

redistribution along riverbanks, thereby exacerbating vegetation loss and geomorpholog-

ical instability and increasing the need for effective restoration and stabilization strategies 

capable of simultaneously addressing structural and ecological objectives [5,6]. This chal-

lenge has stimulated increasing interest in nature-based stabilization approaches capable 

of integrating engineering performance with ecological recovery at local and global scales 

[7–9]. 

Soil and water bioengineering (SWBE) is a nature-based solution that combines veg-

etation with inert materials to reduce erosion while simultaneously restoring ecological 

functions, offering advantages over conventional rigid structures by promoting geomor-

phological adjustment, vegetation succession, and ecosystem service provision [8,10]. 

SWBE has been successfully applied across a wide range of climatic and geomorphologi-

cal contexts, including temperate regions of Europe and North America as well as tropical 

environments [11–17], demonstrating its potential to simultaneously achieve engineering 

stabilization and ecological restoration objectives [11,18,19]. However, the effectiveness of 

SWBE interventions depends strongly on species-specific performance, rooting capacity, 

and tolerance to site-specific hydrological disturbance, which vary considerably among 

species and environmental conditions [20]. In highly dynamic tropical river systems, 

where recurrent flooding and sediment redistribution impose strong ecological filters 

[19,21,22], uncertainties remain regarding the field performance and establishment suc-

cess of native species used in bioengineering interventions. 

Plant species performance represents a critical determinant of SWBE effectiveness. 

Successful establishment depends on the ability of species to rapidly develop root systems 

capable of providing mechanical anchorage and resistance to hydraulic disturbance 

[23,24]. Functional traits such as rooting capacity, growth rate, vegetative propagation 

ability, and tolerance to flooding play key roles in determining establishment success and 

long-term stability [25,26]. While numerous studies have evaluated species suitability for 

bioengineering applications in temperate regions [27], critical knowledge gaps persist re-

garding the field performance of tropical riparian species, particularly under highly dy-

namic hydrological conditions characterized by recurrent flooding, sediment transport, 

and fluctuating water levels. 

Previous research in Brazil and other tropical regions has investigated vegetative 

propagation and early establishment of native riparian species under controlled or green-

house conditions, identifying species with promising rooting capacity and growth poten-

tial [28,29]. However, a critical gap remains between controlled experimental findings and 

actual field performance under natural disturbance regimes. Species that demonstrate 

successful vegetative propagation under controlled conditions may exhibit reduced es-

tablishment success in the field due to hydrodynamic disturbance, sediment burial, pro-

longed submergence, and other environmental stressors [22,30]. This limitation represents 

a major source of uncertainty for the effective application of SWBE in tropical riparian 
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environments, where extreme hydrological variability can strongly influence plant estab-

lishment, structural development, and long-term persistence. 

In addition to structural stabilization, SWBE interventions have the potential to de-

liver multiple ecosystem services by promoting vegetation establishment, facilitating 

spontaneous recruitment of native species, and enhancing soil development processes 

[21,31,32]. These processes contribute to riparian habitat recovery, improved soil quality, 

increased carbon storage, and enhanced ecosystem resilience [33]. However, field-based 

evidence quantifying these ecological responses under real hydrological disturbance con-

ditions remains limited, particularly in tropical river systems and engineered riprap struc-

tures commonly used for riverbank stabilization [12]. 

The effectiveness of SWBE interventions can therefore be evaluated based on multi-

ple performance indicators, including plant survival, growth and structural development, 

resistance to hydrological disturbance, spontaneous recruitment of native species, and im-

provements in soil properties associated with ecological recovery [11,20,34]. Understand-

ing how species functional traits influence these performance metrics under real disturb-

ance regimes is essential for improving species selection and optimizing bioengineering 

design in tropical environments. 

In this context, this study aimed to evaluate the establishment success and ecological 

effectiveness of native riparian species installed as live cuttings in a riprap structure ex-

posed to recurrent flooding. Specifically, we (i) evaluated species survival and growth 

dynamics in response to recurrent flooding on an instrumented riprap structure simulat-

ing a common bioengineering scenario; (ii) quantified spontaneous vegetation recruit-

ment and assessed changes in soil chemical properties associated with vegetation estab-

lishment; and (iii) advanced the understanding of SWBE’s potential to deliver multiple 

ecosystem services, including bank stabilization through plant structural development 

and riparian habitat recovery through vegetation recruitment and soil enhancement. By 

providing field-based evidence of species performance, ecological responses, and soil de-

velopment under realistic hydrological disturbance conditions, this study addresses a crit-

ical knowledge gap and contributes practical guidance for improving species selection 

and implementation strategies for soil and water bioengineering interventions in tropical 

riparian ecosystems. 

2. Materials and Methods 

2.1. Study Area 

The experimental site is located in a reach of the Paraopeba River (20°09′30.11″ S, 

44°09′30.51″ W), in the municipality of Brumadinho, Minas Gerais, southeastern Brazil 

(Figure 1). This river reach was directly impacted by the collapse of the Córrego do Feijão 

iron ore tailings dam in January 2019, which released approximately 12 million m3 of min-

ing tailings into the Paraopeba River channel. In this affected river segment, tailings dep-

osition caused burial of riparian zones, channel modification, loss of native vegetation, 

and pronounced riverbank instability [30,31]. 
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Figure 1. Location of the field experiment along the Paraopeba River in Brumadinho, Minas Gerais, 

Brazil, illustrating the riprap structure used for riverbank stabilization and the area where live cut-

tings of native riparian species were planted. 

In the years following the disaster, emergency engineering measures were imple-

mented to stabilize riverbanks and reduce erosion and sediment remobilization. At the 

study reach, a riprap structure was constructed along the impacted river margin, extend-

ing for approximately 215 m. The structure was built using basalt rock blocks with dimen-

sions of approximately 0.4–1.0 m and presents an estimated slope of approximately 30°. 

The underlying soil beneath the riprap was characterized by particle-size analysis, show-

ing a predominance of sand and silt fractions, with clay contents of approximately 15% in 

the 0–20 cm layer and 11% in the 20–40 cm layer, corresponding to loam to sandy-loam 

textural classes. While effective in providing immediate mechanical stabilization, such 

hard engineering solutions offer limited ecological functionality and do not promote the 

recovery of riparian vegetation or ecosystem processes. In this context, SWBE has been 

proposed as a complementary nature-based solution to enhance the ecological perfor-

mance of engineered riverbanks, integrating structural stabilization with vegetation es-

tablishment, sediment retention and ecosystem service recovery. 

The regional climate is classified as humid subtropical, characterized by dry winters 

and hot summers, according to the Köppen classification [35]. Monthly precipitation and 

air temperature during the monitoring period (July 2022 to May 2025) are presented in 

Figure 2. 

River discharge dynamics and river stage were analyzed over the monitoring period 

to characterize the hydrological regime at the study reach, including the magnitude and 

persistence of high-flow conditions. Daily discharge and river stage records were obtained 

from the hydrometric station located adjacent to the experimental site and operated by 

the Geological Survey of Brazil (CPRM—Companhia de Pesquisa de Recursos Minerais). 

An operational inundation stage threshold was defined for the experimental riprap plant-

ing zone based on field observations and is indicated in Figure 3 as a dashed line. 
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Figure 2. Monthly accumulated precipitation and maximum, mean, and minimum air temperatures 

recorded in Brumadinho, Minas Gerais, Brazil, from July 2022 to May 2025. Source: [36]. 

 

Figure 3. Hydrological conditions at the study reach from July 2022 to May 2025. (a) Daily river 

discharge (m3 s−1). (b) Daily river stage (cm). The dashed line indicates the estimated inundation 

stage threshold for the experimental riprap planting zone, defined based on field observations. 
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2.2. Species Selection and Cutting Collection 

Four native riparian species from the Paraopeba River basin were selected (Table 1) 

based on three complementary criteria: (i) rooting and resprouting performance of live 

cuttings reported in a previous greenhouse experiment [21]; (ii) ecological and functional 

information from the literature, including rapid establishment, hardy growth strategies, 

tolerance to flooding and sediment burial, drought resistance, and functional traits rele-

vant to riparian restoration; and (iii) local availability of sufficient donor material to obtain 

standardized cuttings for field installation. 

Table 1. Species used in the field live-staking experiment and main characteristics of the cuttings. 

Ecological trait codes compiled from literature sources. 

Species 
Species Ab-

breviation 
Family Growth Form 

Mean Cutting Basal 

Diameter (mm) ± SD  
Ecological Traits* 

Croton urucurana Baill. Cu Euphorbiaceae tree 13.8 ± 2.4 FT, BT, DR, WF 

Gymnanthes schottiana 

Müll.Arg. 
Gs Euphorbiaceae shrub 10.1 ± 2.0 FT, BT, DR 

Iochroma arborescens (L.) Schltdl. Ia Solanaceae shrub 12.9 ± 3.0 FT, BT, DR, WF 

Sesbania virgata (Cav.) Poir. Sv Fabaceae shrub 11.5 ± 2.0 FT, BT, DR, NF 

* Ecological trait codes: FT = flood tolerance; BT = burial tolerance; DR = drought resistance; WF = 

wildlife food provision; NF = biological nitrogen fixation. 

Live cuttings were collected one day prior to field installation from multiple donor 

plants of each species. For each species, at least 20 mother plants were sampled, distrib-

uted across different natural populations located in riparian stretches of the Paraopeba 

River near the experimental site. Only healthy donor plants with similar apparent age and 

morphological condition were selected to reduce variability in vegetative material quality. 

Vegetative material was preferentially obtained from branches produced during the most 

recent vegetative growth cycle. After collection, branches were immediately placed in 

sealed plastic bags to maintain moisture and prevent desiccation and were transported to 

the experimental site, where they were stored under shaded conditions until cutting prep-

aration on the following day. 

2.3. Field Experiment Conditions 

The field experiment was implemented on 21 July 2022 in a defined section of the 

riprap bank protection structure. Live stakes were prepared from the central portion of 

branches, with all leaves and lateral shoots removed, measuring approximately 50 cm in 

length and 10–14 mm in basal diameter (Table 1). A bevel cut was made at the basal end 

to facilitate soil insertion, and a straight cut was made at the apical end to preserve stake 

polarity. No pre-planting treatments were applied. Stakes were planted on the same day 

they were prepared. Approximately 40 cm of each stake was inserted vertically into the 

soil using a rubber mallet, leaving about 10 cm exposed aboveground. Stakes were care-

fully driven into the substrate between the rocks of the riprap structure to ensure firm 

contact with the underlying soil. 

Planting was carried out in three parallel planting lines, with species arranged in an 

alternating sequence within and among lines. The first planting line was positioned im-

mediately above the prevailing waterline at the lower portion of the riprap slope, while 

the subsequent lines were installed progressively upslope. Spacing was 50 cm between 

stakes and between planting lines, with a 0.5 m buffer margin maintained on both sides 

of the planted area. A total of 40 stakes per species were installed (160 stakes in total). The 

planted section corresponded to a delimited portion of the riprap structure, covering 
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approximately 56 m2. A schematic representation of the planting layout is provided in 

Figure A1. 

Due to the absence of rainfall during the first two months after planting, supple-

mental manual irrigation was applied every two days, with approximately 3 L of water 

per stake per irrigation event. Weed control was carried out mechanically, at intervals of 

approximately 20–30 days, depending on vegetation regrowth. 

2.4. Growth and Survival Measurements 

Survival and growth performance of live stakes were monitored at 3, 9, 15, and 33 

months after planting. Survival was defined as the presence of shoots at the time of as-

sessment. For each surviving stake, the following variables were recorded: shoot number, 

cumulative shoot length, cumulative shoot diameter, and total plant height. Shoot number 

was determined by counting all living shoots emerging from the stake. 

Shoot length was measured using a graduated ruler, and cumulative shoot length 

was calculated as the sum of the lengths of all shoots per stake. Shoot diameter was meas-

ured with a digital caliper at the base of each shoot, and cumulative shoot diameter was 

obtained by summing the basal diameters of all shoots per stake. Total height was meas-

ured with a graduated ruler as the vertical distance from the ground surface at the stake 

insertion point to the apex of the tallest shoot. 

2.5. Assessment of Recruited Vegetation, Soil Attributes, and Carbon 

Natural regeneration was assessed across the entire experimental area during the 

same monitoring campaigns used for stake performance evaluation (3, 9, 15, and 33 

months after planting). All spontaneously recruited woody individuals (shrubs and trees) 

were recorded and identified to species level. 

To provide contextual comparison, spontaneous vegetation was also surveyed along 

adjacent non-planted riprap sections during the same monitoring period. The assessment 

was conducted within the same elevation range as the experimental segment, ensuring 

comparable exposure to river stage fluctuations and flooding. All woody individuals were 

counted and identified to species level. Herbaceous and grass species were recorded qual-

itatively to characterize the dominant vegetation cover in these non-planted sections, but 

their abundance was not quantified. Taxonomic classification followed the Flora do Brasil 

2020 database [37]. 

Composite soil samples were collected across the entire experimental area at depths 

of 0–20 cm and 20–40 cm prior to the establishment of the experiment and again 33 months 

after planting. At each sampling campaign and depth, one composite sample was formed 

by combining soil collected from five randomly selected sampling points within the 

planted riprap segment, independent of individual stake positions (i.e., not stratified by 

species). Samples were analyzed for physical and chemical properties using standard la-

boratory procedures. 

Soil organic carbon (SOC) stocks were calculated following [38], based on soil organic 

carbon concentration, estimated bulk density, and sampling depth, according to: 

𝐶𝑠𝑡𝑜𝑐𝑘 =
𝑆𝑂𝐶 × 𝐵𝐷 × 𝑑𝑒𝑝𝑡ℎ

10
  

where SOC is soil organic carbon content (g kg−1), BD is soil bulk density (g cm−3), and 

depth is layer thickness (cm), yielding SOC stock in Mg C ha−1. 

Bulk density was not measured directly using core cylinders due to the coarse and 

heterogeneous riprap substrate. Instead, bulk density was estimated using the pedotrans-

fer function proposed by [38]: 
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𝐵𝐷 = 0.4123 + 1.0326 𝑒−0.0413×𝑆𝑂𝐶  

Because sampling was conducted in the soil matrix between riprap stones, coarse 

rock fragments (>2 mm) from the protective structure were not included in the soil sam-

ples and therefore were not incorporated into bulk density or SOC stock calculations. To-

tal SOC stocks to 40 cm depth were obtained by summing the values of the two layers. 

CO2-equivalent stocks were calculated from SOC stocks using a molecular weight conver-

sion factor (3.67), and total CO2-equivalent values were likewise obtained by summing 

both depth layers. 

2.6. Statistical Analysis 

Growth analyses were conducted considering only surviving cuttings at each evalu-

ation date. Due to the reduced number of surviving individuals per species over time and 

the unbalanced dataset caused by mortality, non-parametric Kruskal–Wallis tests were 

used to compare species for each growth variable at each monitoring period. Effect sizes 

were estimated using epsilon-squared (ε2), calculated as: 

𝜀2 =
𝐻 − 𝑘 + 1

𝑛 − 𝑘
  

where H is the Kruskal–Wallis statistic, k is the number of groups, and n is the total sample 

size. 

Descriptive statistics are presented as medians with 95% bootstrap confidence inter-

vals estimated from 5000 resamples with replacement. Bootstrap confidence intervals 

were not calculated when sample size was lower than two. Inferential tests were not per-

formed for time points in which fewer than two species had n ≥ 2. All statistical analyses 

were performed in R software (version 4.2.2). 

3. Results 

3.1. Survival Dynamics 

Survival of live cuttings varied markedly among species and over time (Figure 4). A 

pronounced decline in surviving individuals occurred between December 2022 and Feb-

ruary 2023, coinciding with prolonged flooding events (Figure 3). During this period, river 

stage exceeded the inundation threshold (cota 280) for 70 days, including a continuous 58-

day period of submergence. Maximum river stage reached 526, with a peak discharge of 

364.08 m3 s−1 and a mean discharge of 159.4 m3 s−1 during inundated days. In subsequent 

hydrological years, inundation events were less intense and of shorter duration. Over the 

entire monitoring period, river stage exceeded the defined inundation threshold for a total 

of 138 days (Figure 3). Cuttings were therefore exposed to extended submergence and 

mechanical disturbance, resulting in uprooting and sediment burial. 

At three months after planting, survival remained relatively high across species. 

However, by nine months, substantial mortality had occurred, particularly for Gym-

nanthes schottiana, which exhibited complete mortality. Thereafter, survival tended to sta-

bilize among the remaining species. Croton urucurana maintained the highest number of 

surviving individuals throughout the monitoring period, whereas Sesbania virgata showed 

a progressive reduction in surviving individuals toward the final evaluation. 
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Figure 4. Temporal variation in the number of individuals recorded in the field experiment along 

the Paraopeba River, Brumadinho, Minas Gerais, Brazil, from planting to 33 months after establish-

ment. Planted species: Croton urucurana (Cu), Gymnanthes schottiana (Gs), Iochroma arborescens (Ia), 

Sesbania virgata (Sv); non-planted species: Inga vera (Iv), Erythrina falcata (Ef), Salix humboldtiana (Sh), 

Mimosa pigra (Mp), Trema micrantha (Tm). 

3.2. Spontaneous Woody Recruitment 

Spontaneous woody recruitment was recorded within the planted experimental seg-

ment during the monitoring period (Figure 4). Recruited species included Inga vera, 

Erythrina falcata, Salix humboldtiana, Mimosa pigra, and Trema micrantha. A total of 22 woody 

individuals were recorded within the planted segment at 33 months (Table 2), with Inga 

vera being the most abundant species. 

In adjacent non-planted riprap sections, woody recruitment was markedly limited. 

Only three woody individuals were recorded (two Inga vera and one Mimosa pigra) across 

the surveyed area (Table 2). Vegetation cover in these non-planted sections was predom-

inantly composed of herbaceous and grass species, largely invasive, including Urochloa 

spp., Ricinus communis, and Cenchrus purpureus. 

Table 2. Spontaneous woody recruitment recorded at 33 months in planted and adjacent non-

planted riprap segments. 

Species Planted Segment Non-Planted Segment 

Erythrina falcata Benth. 2 0 

Inga vera Willd. 15 2 

Mimosa pigra L. 2 1 

Salix humboldtiana Willd. 1 0 

Trema micrantha (L.) Blume 1 0 

Total woody individuals 22 3 

  

https://doi.org/10.3390/su18052371


Sustainability 2026, 18, 2371 10 of 24 
 

https://doi.org/10.3390/su18052371 

3.3. Growth Performance 

Growth trajectories of surviving cuttings are presented in Figure 5, and statistical 

comparisons among species at each monitoring period are summarized in Table 3. De-

scriptive statistics expressed as medians with 95% bootstrap confidence intervals are pro-

vided in Appendix A, Table A1. 

 

Figure 5. Temporal variation in growth performance of riparian species established as live cuttings 

on a riprap bank along the Paraopeba River. Panels show (a) total height, (b) cumulative shoot di-

ameter, (c) shoot number, and (d) cumulative shoot length measured at 3, 9, 15, and 33 months after 

planting. Points represent median values, and error bars indicate 95% bootstrap confidence intervals 

(5000 resamples), calculated using only surviving individuals at each monitoring period. 

Significant interspecific differences were detected at 3 months after planting for all 

growth variables (Kruskal–Wallis, p < 0.001), with moderate to large effect sizes (ε2 rang-

ing from 0.12 to 0.36). At this stage, median height ranged from 11.25 cm in Gymnanthes 

schottiana to 74.8 cm in Sesbania virgata, while Croton urucurana and Iochroma arborescens 

exhibited intermediate values of 56.15 cm and 40.25 cm, respectively. Similarly, cumula-

tive shoot length was highest in S. virgata (125.1 cm) and C. urucurana (112.75 cm), whereas 

G. schottiana showed substantially lower structural development (23.75 cm). 

By 9 months, interspecific differences were no longer significant for height, cumula-

tive shoot diameter, shoot number, or cumulative shoot length (p > 0.05), and effect sizes 

were small (ε2 < 0.05), indicating temporary convergence in growth performance among 

surviving individuals. Median height values ranged from 110 cm in C. urucurana to 149 

cm in S. virgata, while cumulative shoot length varied from 215 cm to 321 cm across spe-

cies. 
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Table 3. Results of Kruskal–Wallis tests comparing growth variables among species at each moni-

toring period. The table presents the Kruskal–Wallis statistic (H), associated p-value, and effect size 

estimated using epsilon-squared (ε2). Effect size values indicate the magnitude of interspecific dif-

ferences, with higher values representing stronger effects. 

Metric Period H df p-Value ε2 

Height (cm) 

3 months 37.92 3 <0.001 0.279 

9 months 2.19 2 0.335 0.004 

15 months 16.2 2 <0.001 0.346 

33 months - - - - 

Cumulative shoot diameter (mm)  

3 months 21.54 3 <0.001 0.148 

9 months 2.49 2 0.288 0.009 

15 months 20.22 2 <0.001 0.444 

33 months - - - - 

Shoot number  

3 months 48.47 3 <0.001 0.364 

9 months 4.66 2 0.097 0.051 

15 months 4.59 2 0.101 0.063 

33 months - - - - 

Cumulative shoot length (cm) 

3 months 18.38 3 <0.001 0.123 

9 months 2.06 2 0.358 0.001 

15 months 11.09 2 0.004 0.222 

33 months - - - - 

Clear divergence in growth resumed at 15 months. Significant interspecific differ-

ences were observed for height (H = 16.2, p < 0.001, ε2 = 0.346), cumulative shoot diameter 

(H = 20.22, p < 0.001, ε2 = 0.444), and cumulative shoot length (H = 11.09, p = 0.004, ε2 = 

0.222). Median height reached 290 cm in I. arborescens and 270 cm in C. urucurana, com-

pared with 220 cm in S. virgata. Similarly, cumulative shoot diameter was highest in I. 

arborescens (50.94 mm) and C. urucurana (46.5 mm), whereas S. virgata exhibited lower val-

ues (30.48 mm). 

At 33 months, growth patterns remained consistent with previous trends, although 

inferential statistical comparisons were not performed due to reduced sample size and 

unbalanced species representation. Median height reached 505.85 cm in C. urucurana, sub-

stantially exceeding values observed in I. arborescens (442.5 cm) and S. virgata (252 cm). 

Likewise, cumulative shoot diameter reached 106.47 mm in C. urucurana, nearly twice the 

values observed in the other species. 

Overall, growth trajectories clearly distinguished species in terms of field perfor-

mance. Croton urucurana consistently exhibited superior structural development, achiev-

ing the highest height, diameter, and shoot length values throughout the monitoring pe-

riod. Iochroma arborescens showed intermediate but sustained growth among surviving in-

dividuals, whereas Sesbania virgata exhibited reduced structural development associated 

with low survival. Gymnanthes schottiana failed to establish successfully under field con-

ditions due to early mortality. The temporal evolution of the bioengineered riverbank, 

including periods of partial and complete submergence and subsequent vegetation recov-

ery, is illustrated in Figure 6. 
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Figure 6. Temporal evolution of a soil and water bioengineering intervention using live cuttings 

along the Paraopeba River, Brazil. (a) Immediately after planting, showing freshly installed cuttings 

on the riprap slope; (b) early establishment phase, approximately three months after planting, with 

initial shoot development and partial vegetation cover; (c) flood event during the establishment 

phase, illustrating plant exposure to inundation and fluvial disturbance; (d) advanced post-estab-

lishment phase, showing dense vegetation cover and structural integration of planted and sponta-

neously recruited species on the riverbank. 

3.4. Soil Properties and Carbon Stock Changes 

Soil chemical properties and soil organic carbon (SOC) stocks increased between pre-

planting conditions and 33 months after the establishment of live cuttings (Tables 4 and 

5). Because soil samples were collected as composite samples representing the experi-

mental area, statistical comparisons were not performed, and observed changes are pre-

sented descriptively. 

Table 4. Chemical properties of the soil before planting and 33 months after the establishment of 

live cuttings. 

Soil Attribute 
Before Planting 33 Months After 

0–20 cm 20–40 cm 0–20 cm 20–40 cm 

Organic matter 1 (g kg−1) 15.50 7.80 22.10 20.5 

pH in water (1:2.5) 6.94 6.75 6.38 6.40 

Available P 2 (mg dm−3) 4.50 4.00 3.70 3.40 

Exchangeable K 2 (mg dm−3) 42.0 30.0 60.0 42.0 

Exchangeable Ca 3 (cmolc dm−3) 2.69 1.67 2.68 2.91 

Exchangeable Mg 3 (cmolc dm−3) 1.13 0.58 1.24 1.27 

Exchangeable Al 3 (cmolc dm−3) 1.00 0.90 1.50 1.50 

Available Fe 2 (mg dm−3) 676.50 553.90 624.00 643.9 

Available Cu 2 (mg dm−3) 4.19 3.07 3.95 4.01 

Available Mn 2 (mg dm−3) 264.20 181.00 273.40 170.9 

Available Zn 2 (mg dm−3) 3.78 2.90 5.25 5.15 

CEC at pH 7.0 (cmolc dm−3) 4.93 3.23 5.60 5.81 
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Base saturation (%) 3.93 2.33 4.10 4.31 

1 Walkley–Black method; 2 extracted by Mehlich-1; 3 extracted by KCl 1 mol L−1. 

Soil organic carbon content increased at both sampled depths, from 11.7 to 16.7 g kg−1 

in the 0–20 cm layer and from 5.9 to 15.5 g kg−1 in the 20–40 cm layer (Table 5). Bulk density 

decreased from 1.05 to 0.93 g cm−3 in the 0–20 cm layer and from 1.22 to 0.96 g cm−3 in the 

20–40 cm layer. 

These changes were reflected in SOC stock values. SOC stock increased from 24.5 to 

31.0 Mg C ha−1 in the 0–20 cm layer and from 14.4 to 29.6 Mg C ha−1 in the 20–40 cm layer. 

When both layers were combined, total SOC stock in the 0–40 cm soil profile increased 

from 38.9 to 60.6 Mg C ha−1, corresponding to a net increase of 21.7 Mg C ha−1 over the 33-

month monitoring period (Table 5). 

Table 5. Soil organic carbon content, carbon stock, and CO2-equivalent before planting and 33 

months after the establishment of live cuttings at two soil depths. 

 
Soil Depth 

(cm) 

Soil Organic 

Carbon (g kg−1) 

Bulk Den-

sity (g cm−3) 

Carbon Stock 

(Mg C ha−1) 

CO2-eq (Mg 

CO2-eq ha−1) 

Before planting 

0–20 cm 11.7 1.05 24.5 90.0 

20–40 cm 5.9 1.22 14.4 52.7 

Total (0–40 cm) - - 38.9 142.7 

33 months after 

0–20 cm 16.7 0.93 31.0 113.8 

20–40 cm 15.5 0.96 29.6 108.6 

Total (0–40 cm) - - 60.6 222.4 

Similarly, CO2-equivalent stocks increased from 142.7 to 222.4 Mg CO2-eq ha−1 for the 

0–40 cm profile. Soil chemical properties also changed over the monitoring period, includ-

ing increases in organic matter content and exchangeable base cations at both depths, 

while soil pH showed a slight decrease (Table 4). 

4. Discussion 

4.1. Species Performance and Selection Criteria 

The present study demonstrates pronounced interspecific differences in survival and 

structural development during the establishment phase of live cuttings under highly dy-

namic riparian conditions. Among the evaluated species, Croton urucurana consistently 

exhibited the highest survival and growth performance, reaching median heights exceed-

ing 5 m and cumulative shoot diameters greater than 100 mm after 33 months (Figures 4 

and 5). In contrast, Gymnanthes schottiana experienced complete mortality during the first 

year, while Iochroma arborescens and Sesbania virgata showed intermediate performance, 

with reduced survival but substantial structural development among surviving individ-

uals. These contrasting responses provide clear evidence of species-specific differences in 

establishment success and resilience to hydrodynamic disturbance, offering practical 

guidance for species selection in soil and water bioengineering interventions. 

The marked interspecific differences observed in this study highlight the critical im-

portance of functional trait-based species selection, particularly traits associated with 

early growth and structural resilience under hydrodynamic stress. Differences in growth 

performance were already evident prior to the onset of prolonged flooding. At three 

months after planting, C. urucurana exhibited substantially greater structural develop-

ment, with median height reaching approximately 56 cm and cumulative shoot length 

exceeding 110 cm, whereas G. schottiana showed limited growth, with median height be-

low 12 cm and cumulative shoot length below 25 cm (Figure 5 and Table A1). This early 
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structural advantage likely facilitated faster root system establishment and improved an-

chorage capacity, increasing resistance to mechanical disturbance during subsequent 

flooding events. Rapid early growth promotes both structural reinforcement and anchor-

age development, enhancing resistance to hydraulic forces and reducing susceptibility to 

uprooting. Consistent with this interpretation, previous studies have demonstrated that 

survival, early growth rates, root system development, and associated structural traits are 

key determinants of establishment success and stabilization effectiveness in SWBE sys-

tems [12,39–41]. 

Consistent with these mechanisms, Croton urucurana and Sesbania virgata exhibited 

key functional attributes related to early growth and anchorage development, supporting 

their suitability for SWBE applications in tropical riparian environments. In particular, the 

rapid early growth and structural reinforcement observed in both species likely enhanced 

resistance to hydraulic forces and improved root anchorage stability, facilitating survival 

during prolonged submergence and sediment disturbance. This interpretation aligns with 

previous findings indicating that rapid early growth and the development of functionally 

relevant morphological traits are critical for effective soil reinforcement in bioengineering 

systems [42–44]. Experimental studies have further demonstrated that vegetation contri-

butions to soil stability increase markedly during the early establishment phase, highlight-

ing the engineering importance of rapid biomass accumulation [45–47]. In particular, 

studies evaluating the vertical pullout resistance of live cuttings have shown strong posi-

tive relationships between morphological traits, especially shoot cross-sectional area, and 

root system characteristics such as total root length and spatial distribution, which directly 

influence anchorage capacity and resistance to uprooting [48,49]. 

Although S. virgata exhibited lower long-term persistence compared to C. urucurana, 

it showed the highest survival immediately following the prolonged inundation event 

and demonstrated the greatest root system development under greenhouse conditions 

[29]. This extensive early root development likely enhanced anchorage stability during 

the critical establishment phase, increasing resistance to uprooting under prolonged sub-

mergence. In contrast, the superior long-term persistence and structural development ob-

served in C. urucurana indicates a greater capacity to maintain mechanical stability under 

repeated hydrodynamic disturbance. These findings highlight the importance of selecting 

species with complementary functional strategies to enhance SWBE effectiveness and re-

silience. 

In addition to structural development and anchorage capacity, physiological toler-

ance to flooding represents a critical determinant of species persistence in riparian envi-

ronments. Flood-tolerant species possess adaptations such as adventitious roots, 

aerenchyma formation, and metabolic adjustments that enable survival under hypoxic 

conditions [50]. Controlled experiments that have demonstrated survival and growth re-

sponses under flooding or intermittent saturation can vary substantially among species, 

highlighting that tolerance mechanisms do not necessarily translate into sustained field 

performance [27,51]. Among the evaluated species, S. virgata, C. urucurana, and G. schot-

tiana are widely recognized as flood-tolerant riparian species [52–55], whereas I. arbo-

rescens lacks documented adaptations to prolonged inundation and is typically associated 

with well-drained to moderately moist soils [56]. Its reduced persistence observed in this 

study may therefore reflect limited physiological tolerance to prolonged submergence. 

Despite its well-documented flooding tolerance and extensive early root develop-

ment observed under greenhouse conditions, Sesbania virgata exhibited reduced long-term 

persistence under field conditions. Previous studies have reported adaptive morpho-ana-

tomical responses in this species under flooding, including adventitious root formation, 

hypertrophied lenticels, stem fissures, and aerenchyma development, which enhance ox-

ygen transport and enable survival under hypoxic conditions [53,54]. Additionally, its 
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capacity for biological nitrogen fixation contributes to improved soil fertility and nutrient 

cycling in degraded substrates, enhancing its ecological value for soil recovery and the 

revegetation of degraded riparian environments [57,58]. However, its relatively short life 

cycle [59] and potential susceptibility to herbivory and insect attack [28,60], may limit 

long-term persistence despite strong early establishment. 

In contrast, G. schottiana showed complete mortality despite initial sprouting, indi-

cating failure to establish functional root anchorage during the critical early establishment 

phase. Although live cuttings can initially sustain shoot growth using stored reserves, de-

layed root system development increases vulnerability to uprooting under hydrodynamic 

stress [43,48]. This temporal mismatch between aboveground development and effective 

root anchorage likely compromised mechanical stability during prolonged submergence 

and sediment disturbance, explaining its failure under field conditions despite its inherent 

tolerance to flooding reported in the literature [55,61]. Previous experimental evaluations 

have similarly reported slow vegetative development in this species, particularly charac-

terized by limited root production and slower rooting rates compared to other riparian 

species, which may further constrain anchorage establishment during early development 

stages [62]. 

I. arborescens exhibited limited persistence, likely reflecting its lack of specific adap-

tations to prolonged inundation. Although surviving individuals showed post-disturb-

ance recovery, its overall performance suggests limited suitability for SWBE applications 

in highly dynamic riparian environments. 

Collectively, these findings demonstrate that successful establishment in SWBE in-

terventions depends on the combined influence of rapid structural development, effective 

anchorage establishment, and physiological tolerance to flooding. 

4.2. The Hydrological Filter as the Primary Driver of Establishment Success 

Hydrological disturbance acted as the dominant ecological filter controlling estab-

lishment success in this study. The extreme flooding event recorded between December 

2022 and February 2023, during which river stage exceeded the inundation threshold for 

70 days, including 58 consecutive days of submergence, coincided with the critical estab-

lishment period when root systems were still developing (Figure 3). This event coincided 

with the sharp decline in survival observed between the 3- and 9-month assessments (Fig-

ure 4), indicating that hydrological disturbance was the primary determinant of early es-

tablishment success. Hydrological conditions, including rainfall intensity, flooding fre-

quency, and soil moisture dynamics, represent critical determinants of vegetation estab-

lishment and bioengineering performance, particularly in tropical environments where 

seasonal hydrological variability strongly influences rooting success and plant survival 

[12,14]. 

This prolonged submergence likely generated multiple stress mechanisms, including 

mechanical uprooting by flow forces, sediment burial, and hypoxic stress associated with 

prolonged soil saturation. Such disturbance regimes are well recognized as primary driv-

ers of riparian vegetation assembly, selectively favoring species capable of rapid anchor-

age development and structural resistance [22,34,63]. The magnitude and duration of this 

event were substantially greater than those of subsequent inundation periods, which were 

shorter and less continuous, explaining the marked mortality observed during early es-

tablishment (Figure 3). These results highlight the establishment phase as a critical eco-

logical bottleneck, during which plant survival is strongly conditioned by the interaction 

between species functional traits and disturbance intensity. 

Importantly, riparian species are typically distributed along microtopographic and 

hydrological gradients, reflecting differences in tolerance to inundation depth, duration, 

and sediment dynamics. In this study, all species were planted along the same elevation 
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band near the active waterline, which likely exposed less flood-tolerant species to stress 

levels beyond their optimal ecological range. In natural riparian systems, species zonation 

reflects adaptation to distinct hydrological niches, with some species occupying fre-

quently disturbed zones near the channel and others establishing in more stable positions 

further upslope. Incorporating species-specific hydrological preferences into planting de-

sign may improve establishment success by aligning species traits with site-specific dis-

turbance regimes and reducing exposure to hydraulic stress exceeding species tolerance 

thresholds. 

These findings are particularly relevant under projected climate change scenarios, 

which are expected to increase the frequency and intensity of extreme hydrological events 

in tropical regions. Increased flood magnitude and duration may further constrain estab-

lishment success and amplify the importance of species selection based on structural re-

silience, rapid root anchorage development, and disturbance tolerance. Bioengineering 

interventions must therefore incorporate climate-resilient species and consider hydrolog-

ical zonation in planting design to enhance establishment success and long-term stabili-

zation under increasingly dynamic disturbance regimes. 

4.3. Ecosystem Engineering Effects: Vegetation Establishment, Recruitment,  

and Soil Development 

Beyond structural stabilization, the establishment of live cuttings initiated broader 

ecological recovery processes. Spontaneous recruitment of woody species was substan-

tially higher within the planted segment (22 individuals) compared to adjacent non-

planted riprap sections (3 individuals), which remained dominated by herbaceous and 

invasive species (Table 2). This contrast provides strong evidence that vegetation estab-

lishment facilitated ecological succession by modifying local hydraulic and geomorpho-

logical conditions. 

Vegetation establishment increases surface roughness, reduces near-bank flow veloc-

ity, and enhances sediment and propagule retention, thereby creating favorable microsites 

for seed deposition and germination [11,20]. These vegetation–flow feedbacks represent 

fundamental ecosystem engineering processes, whereby plants modify physical environ-

mental conditions and influence sediment dynamics, substrate stability, and vegetation 

development trajectories. By altering local hydrological and geomorphological condi-

tions, early establishing vegetation facilitates the recruitment and persistence of addi-

tional riparian species [64]. Similar ecosystem engineering effects have been widely doc-

umented in tropical soil bioengineering interventions, where vegetation contributes to 

erosion control, substrate stabilization, and progressive ecosystem restoration [12,14]. 

The spontaneous recruitment of native species observed during the monitoring pe-

riod provides further evidence of the ecological effectiveness of the SWBE intervention. 

Similar successional responses have been reported in bioengineered riverbanks, where 

introduced vegetation acts as a catalyst for natural regeneration and accelerates plant 

community development [11]. In contrast to inert riprap structures, which provide pri-

marily mechanical stabilization, SWBE interventions actively promote colonization and 

successional advancement by restoring vegetation–flow feedback mechanisms and facili-

tating ecosystem recovery [20]. Comparative studies further demonstrate that bioengi-

neered riverbanks support higher plant diversity and more natural successional trajecto-

ries than conventional hard engineering solutions [18]. 

In parallel with vegetation development, increases in soil organic carbon stocks and 

changes in soil chemical properties indicate progressive soil development. Soil organic 

carbon stocks increased from 38.9 to 60.6 Mg C ha−1 in the 0–40 cm profile, likely reflecting 

combined contributions from plant-derived organic inputs, including litter deposition 

and root biomass accumulation, as well as sediment-associated organic material 
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deposited during flooding events (Tables 4 and 5). Because soil samples were collected as 

composite samples and control plots were not available, causal attribution of soil changes 

exclusively to vegetation establishment cannot be established definitively. However, the 

observed increases are consistent with vegetation-driven soil development processes 

widely reported in riparian restoration and bioengineered systems [13,65]. 

Additional changes in soil chemical properties, including increased potassium (K) 

concentrations and base saturation values (V%), further suggest enhanced nutrient cy-

cling associated with vegetation establishment. These changes likely reflect litter decom-

position, root turnover, and biogeochemical cycling processes characteristic of early 

stages of soil development in restored riparian environments [66–68]. Carbon accumula-

tion in deeper soil layers is particularly relevant for long-term ecosystem functioning, as 

deeper carbon pools tend to exhibit greater stability and longer residence times. 

From a broader ecosystem services perspective, these findings indicate that SWBE 

interventions can promote multiple ecosystem functions beyond erosion control, includ-

ing vegetation recovery, soil development, and enhanced biogeochemical cycling [19,33]. 

By facilitating vegetation establishment and initiating ecosystem engineering processes, 

SWBE interventions can accelerate the transition from structurally stabilized but ecologi-

cally simplified riverbanks toward self-sustaining riparian ecosystems. 

Overall, the results demonstrate that SWBE constitutes a multifunctional nature-

based solution capable of integrating structural stabilization with ecological recovery pro-

cesses. By linking vegetation establishment, successional recruitment, and soil develop-

ment, these interventions contribute to the restoration of ecosystem structure, functioning, 

and resilience in degraded tropical riparian environments. 

4.4. Implications for Tropical Soil and Water Bioengineering Practice 

The results provide important practical guidance for species selection and the design 

of bioengineering interventions in tropical riparian environments. Among the tested spe-

cies, C. urucurana and S. virgata demonstrated favorable performance in terms of early 

establishment, growth, and structural development, indicating strong suitability for 

SWBE applications under dynamic hydrological conditions. In particular, C. urucurana 

exhibited the highest survival and sustained structural development throughout the mon-

itoring period, supporting its prioritization as a primary species for live staking in tropical 

SWBE interventions, especially in zones exposed to frequent hydrological disturbance. S. 

virgata showed strong early establishment and rapid growth, highlighting its value as a 

complementary species capable of promoting rapid initial stabilization, early substrate 

reinforcement, and facilitation of subsequent successional processes. In contrast, G. schot-

tiana showed poor establishment success when installed as live cuttings, suggesting lim-

ited suitability for direct live staking under extreme hydrological disturbance. However, 

its use may still be viable through the planting of nursery-grown seedlings with pre-es-

tablished root systems, which may enhance anchorage capacity and increase resistance to 

hydraulic disturbance during the critical early establishment phase. 

These findings emphasize the importance of selecting species with functional traits 

associated with rapid anchorage, structural reinforcement, and resilience to prolonged 

flooding [23,49]. Previous applications of SWBE in Central and South America have simi-

larly demonstrated that successful implementation depends strongly on appropriate spe-

cies selection, local environmental adaptation, and understanding of site-specific climatic 

and hydrological conditions [12,69]. Incorporating species zonation along hydrological 

gradients and combining early-establishing pioneer species with longer-lived riparian 

species may enhance long-term restoration success [21]. 

The study site represents a highly disturbed post-mining disaster environment, 

which may differ from natural riparian systems in substrate composition, 
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geomorphology, and disturbance intensity. Therefore, while the findings provide valua-

ble insights, extrapolation to other sites should consider local environmental conditions 

and disturbance regimes. 

Seasonal timing of installation represents another critical factor influencing establish-

ment success in tropical riparian environments characterized by distinct wet and dry sea-

sons [12,69]. In regions with pronounced seasonal precipitation patterns, such as south-

eastern Brazil, where intense rainfall and flooding are concentrated within a defined wet 

season, live staking should be scheduled to maximize the period available for root system 

development prior to the onset of high-flow conditions. In the present study, planting was 

conducted in July, during the dry season, when precipitation levels were already substan-

tially reduced and flood risk was minimal, allowing approximately three to four months 

of initial growth before the onset of severe flooding. However, installation during the dry 

season also requires supplemental irrigation during the first months after planting to com-

pensate for limited rainfall and prevent desiccation of cuttings before root systems become 

fully functional. In this study, supplemental irrigation was applied during the early es-

tablishment phase, likely contributing to initial survival and shoot development. 

An alternative and potentially optimal strategy is installation near the end of the 

rainy season, typically between April and early May, when rainfall remains sufficient to 

support establishment but occurs at lower intensity and with reduced flood risk compared 

to peak rainy-season months. This timing may provide adequate soil moisture while max-

imizing the duration available for root development prior to the next period of intense 

hydrological disturbance. These findings highlight that aligning installation timing with 

seasonal hydrological cycles, combined with supplemental irrigation when necessary, 

represents a critical design consideration for optimizing survival, anchorage develop-

ment, and long-term stabilization effectiveness in tropical soil and water bioengineering 

interventions. In tropical regions with predictable seasonal rainfall regimes, installation 

near the end of the rainy season may provide the most favorable balance between mois-

ture availability and reduced hydraulic disturbance risk. 

Under projected climate change scenarios, which are expected to intensify hydrolog-

ical extremes in tropical regions, bioengineering interventions that incorporate climate-

resilient species and adaptive design principles will become increasingly important. By 

integrating structural stabilization with ecological recovery processes, soil and water bio-

engineering represents a promising nature-based solution for enhancing the resilience of 

riparian systems exposed to intensified disturbance regimes. Nevertheless, the underlying 

ecological mechanisms identified in this study are broadly applicable to riparian bioengi-

neering interventions in other tropical systems with similar hydrological regimes. 

4.5. Study Limitations and Implications for Long-Term Riparian Restoration 

This study was conducted at a single experimental site without replicated control 

plots, which limits the ability to attribute observed vegetation and soil changes exclusively 

to the soil and water bioengineering (SWBE) intervention. Although adjacent non-planted 

riprap sections provided qualitative comparison, they do not constitute fully replicated 

experimental controls and therefore do not allow formal statistical inference regarding 

treatment effects. 

Additionally, soil samples were collected as composite samples representing the ex-

perimental area rather than stratified by species or spatial position. This sampling ap-

proach precludes statistical analysis and prevents attribution of soil changes to specific 

plant species or localized vegetation development patterns. Furthermore, sediment depo-

sition during flooding events may have contributed to increases in soil organic carbon and 

nutrient levels through allochthonous inputs, indicating that soil improvements likely re-

flect the combined influence of vegetation establishment and fluvial sediment dynamics. 
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The monitoring period of 33 months represents an establishment-phase assessment 

rather than long-term ecosystem development. Early establishing species such as C. uruc-

urana and S. virgata may function as ecological facilitators, enhancing substrate stabiliza-

tion, promoting sediment retention, and creating environmental conditions that facilitate 

the recruitment and establishment of additional riparian species. The spontaneous recruit-

ment of native species observed during the study, including Inga vera and Salix hum-

boldtiana, suggests that successional processes have already been initiated. 

However, long-term vegetation trajectories remain uncertain and may be influenced 

by future hydrological disturbance regimes, species interactions, and ongoing geomor-

phological adjustments. Early dominance of rapidly establishing species does not neces-

sarily imply long-term persistence or community dominance, as later-successional species 

may progressively increase in abundance as ecosystem structure and stability develop. 

Continued monitoring is therefore necessary to evaluate long-term community dynamics, 

vegetation succession, and ecosystem stabilization processes following SWBE implemen-

tation. 

Despite these limitations, the study provides strong field-based evidence of species-

specific performance under realistic hydrological disturbance conditions and highlights 

key functional traits associated with successful establishment. These findings contribute 

valuable empirical guidance for species selection and the design of SWBE interventions 

in tropical river systems. 

5. Conclusions 

This study demonstrates that the effectiveness of soil and water bioengineering in-

terventions in tropical riparian environments is strongly influenced by species functional 

traits and their interaction with hydrological disturbance during the critical establishment 

phase. Prolonged flooding acted as the dominant ecological filter, selectively favoring spe-

cies capable of rapid root development, effective anchorage, and structural resistance to 

hydrodynamic stress. 

Among the evaluated species, Croton urucurana exhibited the highest survival and 

sustained structural development, supporting its prioritization for live staking in SWBE 

interventions under dynamic hydrological conditions. Sesbania virgata showed rapid early 

growth and establishment but reduced long-term persistence, while Gymnanthes schottiana 

failed to establish successfully as live cuttings, suggesting that alternative approaches, 

such as planting nursery-grown seedlings, may be required for its use. 

Vegetation establishment promoted spontaneous recruitment and soil development, 

indicating that SWBE interventions can initiate ecological recovery processes beyond 

structural stabilization. These findings provide practical guidance for species selection 

and implementation strategies and support the use of soil and water bioengineering as an 

effective nature-based solution for stabilizing riverbanks and restoring tropical riparian 

ecosystems. 
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Appendix A 

 

Figure A1. Schematic layout of the live-stake planting design on the riprap bank of the Paraopeba 

River, showing three parallel planting lines with alternating species, 0.5 m spacing, and buffer mar-

gins. Not to scale. 
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Table A1. Median values and 95% bootstrap confidence intervals (in parentheses) for height, cumu-

lative shoot diameter, shoot number, and cumulative shoot length of live cuttings at each monitor-

ing period. Confidence intervals were estimated using 5000 bootstrap resamples with replacement. 

Dashes (–) indicate the absence of surviving individuals. Confidence intervals were not calculated 

when sample size was lower than two (n < 2). 

    C.urucurana G. schottiana I. arborescens S. virgata 

Height (cm) 

3 months 56.15 (38.5–64.9) 11.25 (5.9–20.35) 40.25 (29.45–58) 74.8 (63–86) 

9 months 110 (95–135) — 137.5 (107–232.5) 149 (114–168) 

15 months 270 (265–310) — 290 (183.5–335) 220 (214–250) 

33 months 505.85 (397.5–610) — 442.5 (327.5–518.35) 252 

Cumulative 

shoot diameter 

(mm) 

3 months 1.6 (1.35–2.1) 0.8 (0.65–1) 1.7 (1.1–2.4) 1.5 (1.1–1.8) 

9 months 20.87 (16.73–23.11) — 22.87 (19.64–36.33) 20.1 (16.85–22.9) 

15 months 46.5 (43.69–49.56) — 50.94 (25.73–63.52) 30.48 (23.41–33.71) 

33 months 106.47 (83.08–115.55) — 54.8 (38.36–132.97) 56.34 

Shoot number 

3 months 3 (2–3) 5 (4.5–7) 2 (2–3) 2 (2–2) 

9 months 2 (2–3) — 2 (2–3) 2 (2–2) 

15 months 2 (2–3) — 2 (2–3.5) 2 (1–2) 

33 months 2 (1–3) — 1.5 (1–2.5) 1 

Cumulative 

shoot length (cm) 

3 months 112.75 (71.8–149.85) 23.75 (13.05–74.15) 72.95 (39.08–111.8) 125.1 (87.8–148.2) 

9 months 321 (190–380) — 275 (214–697.5) 215 (156–350) 

15 months 650 (530–810) — 640 (367–1055) 428 (255–500) 

33 months 1085 (543–1520.1) — 578.35 (375–1220) 252 
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