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Abstract: Mangrove planting has been employed for decades to achieve aims associated with restora-
tion and afforestation. Often, survival of planted mangroves is low. Improving survival might be
aided by augmenting the understanding of which planting methods and environmental variables
most influence plant survival across a range of contexts. The aim of this study was to provide a
global synthesis of the influence of planting methods and background environment on mangrove
survival. This was achieved through a global meta-analysis, which compiled published survival
rates for the period 1979–2021 and analyzed the influence of decisions about minimum spacing
and which life stage to plant, and environmental contexts such as climate, tidal range and coastal
setting on the reported survival of planted individuals, classified by species and root morphology.
Generalized Additive Mixed Modeling (GAMM) revealed that planting larger mangrove saplings
was associated with increased survival for pencil-rooted species such as Avicennia spp. and Sonneratia
spp. (17% increase cf. seedlings), while greater plant spacing was associated with higher survival of
stilt-rooted species in the family Rhizophoraceae (39% increase when doubling plant spacing from
1.5 to 3.0 m). Tidal range showed a nonlinear positive correlation with survival for pencil-rooted
species, and the coastal environmental setting was associated with significant variation in survival
for both pencil- and stilt-rooted species. The results suggest that improving decisions about which
species to plant in different contexts, and intensive care after planting, is likely to improve the survival
of planted mangroves.

Keywords: plant spacing; life stage; coastal environmental setting; plant husbandry; mangroves; restoration

1. Introduction

Mangrove forests are highly productive coastal ecosystems distributed worldwide in
tropical and subtropical regions [1]. They provide numerous ecosystem services such as
coastal protection, enhanced biodiversity, fisheries support, nutrient cycling and climate
change mitigation and adaptation by storing carbon [2,3], therefore supporting human
well-being and livelihoods [4,5]. However, mangrove forests are one of the most threatened
ecosystems on Earth due to climate change and human activities [6]. In particular, forests
have been extensively modified or cleared for aquaculture, food production and coastal
development, which in many parts of the world continues up until the present [7–9]. Some
estimates suggest that up to 35% of the world’s mangrove forests have been damaged or
destroyed during the last 20 years [10,11]. However, multiple efforts to halt and reserve
this trend [12] have slowed the overall rates of loss (e.g., dropping to less than 2% per year
in Asia [13]).

Mangrove restoration has mainly focused on planting, although restoration of tides
to places they have been excluded from can also be very effective [14]. Mangroves have
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also been planted for other purposes, sometimes in places where they have not occurred
naturally (i.e., afforestation). They can be planted to provide a source of wood or other
products, in some cases as part of silviculture, in the same way as terrestrial forests [15].
Mangrove planting is also used to prevent erosion and to stabilize newly accreted coast-
lines [16]. Restoration programs have increasingly adopted less-intensive methods, such as
restoring natural tidal regimes [17], but planting is often still needed.

Mangrove rehabilitation and restoration is considered one of the most effective man-
agement options globally for dealing with lost or damaged mangrove forests [12]. Although
planting mangroves for restoration and afforestation has been conducted in some regions
for more than 50 years (e.g., Bangladesh [16] and Vietnam [18]), it is not always a success.
Many biotic and abiotic influences, including, among many others, predation, seed re-
cruitment, soil characteristics, colonization rates, salinity and temperate, can reduce the
survival of the mangroves, in both early (e.g., nursery) and late stages of the planting
process [19]. Additionally, outcomes can often be unsuccessful because the methods em-
ployed are inappropriate (e.g., species selection, plant spacing [20]) and because the species
used are not suited to the environment where they are planted (e.g., coastal environmental
setting, tidal inundation, soil conditions and physical stress [21–23]). Sometimes, otherwise
well-planned and executed mangrove planting efforts fail because of a lack of participation
by local communities, cultural barriers and adequate after-care (e.g., watering and removal
of objects that are entangled with planted individuals) needed for long-term success [24].
Improving the success of mangrove planting efforts would benefit from a quantitative
understanding of the methodological, environmental and social influences on mangrove
survival in different contexts [25]. These methods can augment natural regeneration [26] as
approaches to restore degraded or lost mangrove forests.

The aim of this study was to provide a global synthesis of influences on mangrove
survival after planting, arising from (1) methods used (life stage selected, minimum plant
spacing) and (2) environmental context (climate, coastal setting and tidal range). While
there are multiple guidelines offering advice on best practices in mangrove restoration
(some of which suggest that natural recolonization should be preferred instead of planting),
the goal of the present study was to complement these through a quantitative review of
influences on survival after the planting stage. This information is intended to help inform
planting efforts, including through increasing efficiency and reducing costs [27].

2. Materials and Methods
2.1. Data Collection and Standardization

A comprehensive literature review was conducted which included journal articles,
reports and theses (in multiple languages). This involved searching the databases of Google
Scholar, Scopus and the Institute of Scientific Information (ISI) Web of Science for the
following search terms: ‘mangrove’ AND ‘restoration’ OR ‘afforestation’ AND ‘spacing’
AND ‘survival’. A parallel search was conducted on Google search engine, using the same
words, to identify relevant documents not yet captured in the core scientific literature (e.g.,
reports from Government, not-for-profit and community initiatives). Reference lists in
relevant documents were also checked. Data were extracted from publications that met the
requirements of the search (9% theses, 12% reports and 79% peer-reviewed journal articles:
Supplementary Figure S1).

While the benefits of mixed species planting programs are increasingly recognized [28],
the review yielded only two relevant published studies, which did not permit formal
inclusion in the analyses. Only studies on monospecific plantations older than six months
were included because this was the minimum duration considered necessary to ensure that
there were no artefacts of soil disturbance that may have resulted in plant mortality. The
following information was extracted directly from the documents: location (latitude and
longitude), species, overall goal of planting (restoration or afforestation), life stage planted
(i.e., ‘seeds’, ‘propagules’, ‘seedlings’, ‘saplings’ and ‘trees’, following the definitions of
Vanderklift et al. [25]), minimum distance among plants (m), duration since planting
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(days) and survival rate (%, mean ± SE and n, when an average was provided). Species
were assigned into functional groups based on root morphology: ‘stilt’, ‘pencil’, ‘knee’,
‘knotted’ and ‘buttress” [29]. If the species identity was not provided, the study was not
considered for the dataset. When survival rates were not provided in tables or text, means
and estimates of variation (i.e., standard deviation) were extracted from graphs using the
program GraphClick version 3.0.2 (Arizona Software Inc., Phoenix, AZ, USA). If a study
reported a mean survival rate without providing an error for the mean, data were not
included. For studies that reported data on survival rates collected multiple times over
time for the same treatment, plot or site, only the last record was included in the dataset.

For each study, information was extracted in relation to the length of time plants were
maintained in a nursery prior to planting, any reports of after-care, such as supplementary
watering or the removal of debris, and the main reason for mortality, if available. After-care
was defined as ongoing actions, such as monitoring, guarding the plantation to avoid
improper use, removing plastic debris, restricting trampling and watering, all of which
have been shown to enhance survival rates [30,31]. The reasons for mortality were grouped
into five categories, described as: ‘abiotic’ (e.g., salinity, wave energy, light exposure),
‘site suitability’ (e.g., high or low inundation, planting area), ‘competition’ (e.g., nutrient
limitation), ‘predators’ (e.g., monkeys, crabs, goats) and ‘methodology’ (e.g., use of artificial
structures, plantation density), and the prevalence of these factors was calculated from all
reported studies.

We compiled data on the environmental context of each study from the relevant
publication if reported, or from other sources. For example, tidal range was derived using
the global dataset on tidal amplitude [32]. For locations where coordinates (latitude and
longitude) did not overlap exactly with the data layer provided, the closest coordinates with
data available were used. The Köppen–Geiger climate classification system [33] was used
to assign each study to one of the following climate groups: tropical (including tropical
rainforest, wet and dry or savanna climate), arid (including desert coastlines and semi-arid
climate), temperate or subtropical (humid subtropical and monsoon-influenced humid
climate). Finally, information on the coastal geomorphological setting for mangrove forests
was based on the mangrove typology classifications developed by The Nature Conservancy
(http://maps.oceanwealth.org/mangrove-restoration/#, accessed on 18 December 2020).
Each study was assigned to one of the following coastal environmental settings (CES):
‘fringe’, ‘estuary’, ‘lagoon’ or ‘delta’, using the definitions of Rovai et al. [34] (Supplementary
Figure S1).

2.2. Model Fit, Evaluation and Prediction

A Generalized Additive Mixed Model (GAMM) approach was used to investigate
the survival rates (%) of planted mangroves. This approach was used because it allows
a response variable (in our study ‘survival’) to be modeled using a combination of fixed-
orthogonal factors (e.g., life stage), as well as continuous factors (e.g., minimum spacing
and tidal range). It also permits non-linear environmental relationships to be modeled
which can more accurately identify phenomenon such as ecological thresholds that are
common within shallow coastal marine areas. All models were fitted using the ‘mgcv’
library [35] in the R statistical environment [36]. A logit link function was used together
with a cubic smoothing spline to determine the optimum level of smoothing for each
continuous environmental predictor [37]. Analyses were performed separately for each root
morphology group: ‘pencil roots’, ‘stilt roots’ and ‘knee roots’ (Supplementary Table S2).
Although there are other mangrove root morphologies, such as ‘buttress roots’ and ‘knotted
roots’, there were not sufficient records to permit analysis and thus these were excluded
from analyses. Similarly, while there were studies that reported the use of ‘seeds’ and ‘adult
trees’, these were too few to permit formal analysis and were also excluded.

For each group, a model was applied in the form of: survival rate (%) ~ life stage + CES + cli-
mate zone + s(minimum spacing) + s(latitude) + s(tidal range). Model selection employed a
stepwise backwards selection that removed non-significant terms using a significance test
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criterion (p > 0.05) until all remaining terms in the model were significant, similar to the
approach used by Austin and Van Niel [38]. Selected models were assessed conservatively
through comparisons of the score-minimized Un-Biased Risk Estimator (UBRE) [39].

3. Results
3.1. General Trends in Mangrove Restoration

The compiled dataset included 225 observations from 45 publications (Supplementary
Table S2), spanning 24 countries (Figure 1) and 42 years (1979 to 2021). Studies were mostly
centered around the tropics (82%), with fewer from temperate/subtropical regions (17%)
and very few (>1%) from arid regions (Figure 1). Most studies were performed for the
purpose of restoration (80%), with fewer studies conducted for afforestation (20%), with
the majority of these involving the use of Sonneratia spp. in places such as the Bay of
Bengal. While the ultimate motivations for restoration and afforestation projects can be
quite different, distinguishing between these was outside the scope of the present study and
all available data were included for modeling purposes. The five most frequently planted
genera (i.e., Avicennia L., Bruguiera Lam., Ceriops Arn., Rhizophora L. and Sonneratia L.f.)
typically involved planting of seedlings or saplings, with viviparous propagules also often
used when planting Rhizophora or Ceriops (Figure 2).

Figure 1. Map of mangrove planting projects included in this current study, with colors indicating
the primary motivation for planting.

3.2. Methodological Context

Results of GAMM analyses showed that planting methods influenced the survival
of pencil- and stilt-rooted mangroves, but not knee-rooted species (Table 1). The survival
of planted individuals of pencil-rooted species (Avicennia and Sonneratia) was influenced
by the life stage used, with higher survival observed for larger saplings (61.6% ± 7.4%)
than seedlings (44.2% ± 3.2%, Figure 3A and Table 1). No studies of pencil-rooted species
used propagules (e.g., seed capsules or fruits). For stilt- and knee-rooted species, life stage
was not a statistically significant influence (Figure 3B,C and Table 1). Neither pencil- nor
knee-rooted species showed a statistically significant effect of minimum plant spacing
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(Figure 3D,F), but stilt-rooted species demonstrated a complex nonlinear trend of high
survival at small plant spacings (>0.5 m), followed by a modeled decline (0.5–1.5 m) and a
subsequent increase with larger spacings (Figure 3E).

3.3. Environmental Context

Latitude did not appear to influence survival in any group (Figure 4G–I), although
studies involving pencil-rooted species covered a wider latitudinal range (to 37.7◦ S).
Climate appeared to influence the survival of individuals of two of the three morphological
types (Table 1). Stilt- and knee-rooted species were most successful in temperate/subtropical
regions, with extremely low survival recorded in the single study that employed knee-
rooted species in arid zones (Figure 4E,F and Table 1). In contrast, pencil-rooted species
showed no difference in survival among climate zones.
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Figure 2. Violin plot showing the distribution of survival outcomes (%) for mangrove planting
projects using different life history stages, for each of the 5 main genera used. Photos by D.G., M.V.
and Dr. Paul Erftemeijer.

Coastal environmental setting was a strong predictor of survival of individuals of
two of the three morphological groups (Table 1). Pencil-rooted species (Avicennia and
Sonneratia) yielded the highest survival within fringing habitats (59.8% ± 7.0%), followed
by estuaries (59.0% ± 8.4%), lagoons (49.7% ± 5.2%) and the lowest survival in deltas
(39.0% ± 4.4%, Figure 4A). In contrast, stilt-rooted species (Rhizophora) yielded the highest
survival in lagoons (66.7% ± 7.1%), followed by fringing habitats (56.1% ± 5.9%), with
estuaries (39.4% ± 6.3%) and deltas (37.9% ± 4.3%) yielding lower and similar survival
(Figure 4B). Knee-rooted species (Bruguiera, Ceriops and Xylocarpus) yielded high survival
in deltas (49.4% ± 7.5%) and lower (but not significantly different) survival in fringing
(35.9% ± 10.1%) and estuarine habitats (35.7% ± 15.2%)—there were no studies of this
group in lagoons. While tidal range was not a significant predictor of survival of stilt- or
knee-rooted species (Figure 4K,L), increasing tidal amplitude did correlate positively with
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the survival of pencil-rooted species, although this appeared to be due to a small number
of studies carried out in locations where the range exceeded 2.5 m (Figure 4J).

Table 1. The results of Generalized Linear Mixed Models to test the percentage survival (%) of
mangrove restoration projects, with categorical factors (life history, CES and climate) treated as fixed
effects, while continuous covariates (tide and plant spacing) used cubic smoothing splines, signified
with ‘s()’. Terms in italics were found to be not statistically significant at p ≤0.05 and were removed
through stepwise backward selection. SD is the standard deviation for continuous variables, SE is the
standard error of the fixed effects terms and p is the p-value for the Z-statistic.

Source Estimate SD/SE z-Value p

Pencil roots
Type—seedlings −0.52 0.25 −2.10 0.036
CES—Estuary 0.56 0.26 2.17 0.030
CES—Fringe 0.69 0.22 3.11 0.002
CES—Lagoon 0.52 0.22 2.37 0.018
Climate—Temperate
Climate—Tropical
s(plant spacing)
s(latitude)
s(tidal height) 0.38 0.12 3.23 0.001
Stilt roots
Type—seedlings
CES—Estuary −0.02 0.24 −0.09 0.926
CES—Fringe 0.59 0.23 2.58 0.010
CES—Lagoon 0.65 0.30 2.16 0.031
Climate—Temperate 1.68 0.50 3.36 0.001
Climate—Tropical 1.61 0.49 3.31 0.001
s(plant spacing) 0.47 0.18 2.70 0.007
s(latitude)
s(tidal height)
Knee roots
Type—seedlings
CES—Estuary
CES—Fringe
CES—Lagoon
Climate—Temperate 3.78 0.96 3.95 <0.001
Climate—Tropical 3.12 0.92 3.38 0.001
s(plant spacing)
s(latitude)
s(tidal height)

The effort devoted to raising and caring for mangroves before (i.e., nursery period)
and after planting also differed for mangroves with different root morphologies, although
it must be noted that very few studies reported this information (only 33% and 36%,
respectively, across all studies). When compared to knee-rooted species which only spent an
average of 6 months in a nursery prior to planting (maximum 12 months), pencil- and stilt-
rooted species were grown in a nursery for 9 months on average before planting (maximum
24 months). With respect to the reported provision of after-planting care, proportionally
more studies reported beneficial survival outcomes for stilt-rooted species (41% of studies),
followed by knee-rooted species (30%) and with the lowest reported effort directed at pencil-
rooted species (20%). From the data available (only 35% of all data points corresponded
with this information), after-care had a significant positive effect on the success of all
morphological groups, increasing the survival of individuals by 14% for knee-rooted
species, 32% for stilt-rooted species and by 50% for pencil-rooted species.
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Figure 3. Influence of life stage and spacing on survival rates for mangrove planting projects
involving species that have pencil roots (Avicennia and Sonneratia), stilt roots (Rhizophora) and knee
roots (Bruguiera and Ceriops). Data are means ± SE for life stage (A–C) and smooth splines (partial
plots) for spacing (D–F). Different roman numerals signify statistically significant differences among
fixed factors, and ‘ns’ = no significant difference.

The most widely reported cause of mortality for pencil-rooted species was improper
site selection (54% of studies), followed by unsuitable abiotic factors (39%—presumably
poor water quality of desiccation due to high temperatures and inadequate inundation)
and predation (7%). Stilt-rooted species experienced high mortality due to adverse abiotic
factors (35%), predators (32%), improper site selection (27%) and competition (6%). Knee-
rooted species exhibited high mortality due to abiotic factors (43%), competition (43%) and
predators (14%).
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Figure 4. Influence of latitude (A–C), climate (D–F), coastal environmental setting (CES) (G–I) and
tidal range (J–L) on survival rates for mangrove planting projects involving species that have pencil
roots (A,D,G,J), stilt roots (B,E,H,K) and knee roots (C,F,I,L) (see Supplementary Table S1 for species).
Data are means ± SE for climate and CES and smooth splines (partial plots) for latitude and tidal
range. Different roman numerals signify statistically significant differences among fixed factors, and
‘ns’ = no significant difference.

4. Discussion

This study presents a synthesis of information that might help to understand how
mangrove planting methods can influence survival across a variety of biogeographic
and environmental contexts (from tropical to temperate coastlines and encompassing
multiple coastal geomorphologies). The trends identified suggest that the survival of
planted individuals can be influenced by decisions about what species to plant and where to
plant them, as well as climate (at the global and macro-scale) and the coastal environmental
setting, which has been successfully used to improve understanding on other aspects of
mangrove forest ecology such as soil carbon storage [34]. These insights can help to identify
some of the physiological limits (e.g., climate reflects temperature, tidal range reflects
duration of immersion), that can result in the failure of restoration programs [40]. While
some influences—such as climate—are beyond the control of practitioners working within a
particular region, others, such as the species used and the minimum plant spacing adopted,
can be readily adjusted to maximize survival and enhance project success [20,41–43].

4.1. Methodological Considerations to Planting

The analysis highlights the importance of some of the fundamental methodological
considerations for mangrove planting efforts, including the life stage of planted individuals,
minimum spacing requirements and the perceived benefits of nursery grow out and after-
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care. The use of propagules for marine coastal restoration has emerged as an advantageous
and cost-effective way of scaling-up reforestation projects, and one that is particularly
relevant to mangroves [25]. Results highlight that survival can be greatly influenced by the
life stage planted, but that this might be more pronounced for certain morphological groups
of mangroves. While there were differences in the survival of seedlings and saplings for
pencil-rooted species (the latter showing 17% higher survival on average than the former),
there was no comparable effect for stilt-rooted or knee-rooted species.

Higher survival of saplings than seedlings is recognized in terrestrial forestry [44], and
the analysis suggests that this may also be the case for some of the most frequently planted
mangrove taxa, including Avicennia spp. and Sonneratia spp. Indeed, previous studies
involving Avicennia marina have shown that larger transplanted seedlings survive better
than or equal to medium-sized individuals and exhibit greater increases in plant height and
leaf production than small individuals [45]. Saplings, being the largest life stage typically
used in mangrove restoration projects (except for the few studies that have employed
adult trees [31]), appear more able to withstand higher exposure to waves and wind that
often characterize fringing habitats [23]. It is interesting to note that there were no reported
studies using the less-developed propagules of pencil-rooted mangroves (i.e., seed capsules
or fruits), although it remains unclear as to whether this is due to recording bias or whether
this is due to experience learned by practitioners. It is possible that this might be the result
of disproportionately high rates of predation by crabs [46] or simply because practitioners
have found this approach not to be viable for these types of mangroves (e.g., because of
seed dormancy [47]). While not statistically significant in our analysis, the high rates of
survival for stilt-rooted species planted as propagules might suggest that this approach
may be more efficient and that the additional effort of growing these species in a nursery
may not be warranted [25]. This may especially be the case in certain developed countries
where the costs of labor are comparatively high [48], or in places such as Bangladesh where
the aim is to stabilize accreting shores [49].

The review of available data suggests that most mangrove planting projects (both
restoration and afforestation) around the world employ spacing configurations that are
less than 3.5 m between plants (most commonly 1–2 m). There were few exceptions, with
only one project involving spacings of up to 3.4 × 3.4 m (i.e., 12 m2 [12]). Here, again,
the wider spacings used in plantings of species such as Sonneratia spp. probably reflect
specific applications of afforestation for rapidly accreting sediments in places such as
Bangladesh [50], reflecting a desire to cover as extensive an area as possible to protect
vulnerable coastlines from flooding and cyclones [51].

Results showed that the survival of only stilt-rooted species (e.g., Rhizophora) appears
to be influenced by plant spacing (and by extension the density of individuals). After an
initial decline in the survival of individuals planted 0.5–1.5 m apart, survival improved
at larger minimum spacings. This result matches a study that evaluated the root density
growth of Rhizophora mucronata in northern Sumatra over one year to suggest an optimum
plant spacing distance of 3 m × 2 m [52]. Part of the reason for the lower growth rates
of densely spaced Rhizophora spp. may be due to their relatively low competitive ability
both with conspecifics (monoculture) and when compared against other groups such
as Laguncularia spp. as mixed cultures [53]. Alternatively, the high survival of smaller
spacing arrangements (i.e., minimum spacing of less than 0.5 m) may be an artefact of
the high representation of experimental studies that are performed for purposes other
than restoration [54,55]. Intensively managed, small-scale experimental studies might
facilitate higher survival than large-scale restoration or afforestation efforts where scale
and resources do not permit sufficient after-care (see considerations and critiques of the
concept of ‘ecological validity’ [56,57]).

Understanding the importance of planting methods with some of the more intangible
aspects of plant husbandry such as after-care is an interesting challenge and one that should
be considered in any restoration program. Relatively few studies have provided details on
the duration of nursery periods (e.g., only 33% of all studies), stated whether there was
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any degree of after-care (only 36% of studies) or interpreted the main reasons for mortality
(only 47% of studies). Although this limited our ability to conduct statistical analysis, the
qualitative data are revealing and provide insights into the causes of success or failure. Of
particular interest is the effect of after-care, which appeared to facilitate higher survival of
individuals from all morphological groups, increasing survival rates by 14% for knee-rooted
species, 32% for stilt-rooted species and by 50% for pencil-rooted species. Similar results
were gleaned from the few studies that reported on the main causes of mortality. Across
all three mangrove groups, unsuitable abiotic factors were listed as the most common
cause of mortality (responsible for 41% of failures), followed by inappropriate abiotic
conditions (39%), competition (26%, although this did not include pencil-rooted species)
and predators (18%). This information might help practitioners to consider the variables
that most influence the survival of planted individuals (and therefore the subsequent
success of restoration projects).

4.2. Environmental Influences

The importance of climate and the environment are well-established influences on
forest structure and function in marine [58,59] and terrestrial systems [60]. Global-scale
proxies such as climate as well as local context such as coastal setting and tidal range also
appear to influence the survival of individuals of all different morphological groups of
mangroves. Climate was correlated with survival of both stilt- and knee-rooted species
but was not associated with any trends in survival of pencil-rooted species. Surprisingly,
latitude, while often used as a proxy for mangrove forest productivity, diversity and forest
structure at a global scale [2,61], was not a significant correlate of survival for any of the
three morphological groups. In contrast, the coastal setting (pencil- and stilt-rooted species)
and tidal range (pencil-rooted species) had more pronounced effects.

The failure of mangrove restoration projects is often related to the high susceptibility
of propagules, seedlings and saplings to wind and wave erosion, as well as flooding and
desiccation [21,40]. Repeated failures often occur when practitioners do not understand
the physiological limits of different species, including planting them on bare mudflats or
adjacent seagrass meadows where the soil characteristics are not compatible [20,21,40].
The results of analyses suggest that pencil-rooted species which survive well in fringing,
estuarine and lagoon environments, do not fare as well in more sheltered and sedimentary
environments such as deltas. In contrast, for stilt-rooted species, survival was the greatest
within lagoons and fringing environments, and was significantly lower in estuaries and
deltas. These specific patterns likely reflect the stability and soil characteristics of these
areas, as well as the frequency and intensity of disturbances such as strong waves. Species
with knee roots that typically occur in higher intertidal environments [62] did not show
consistent trends (probably owing to a low sample size) but did show the highest survival
outcomes in deltas.

The outcomes of restoration can vary widely over relatively short distances (e.g.,
hundreds of meters) where there is a pronounced environmental gradient, such as wave ex-
posure or sedimentation [30]. Fringing coasts are exposed to stronger wind and waves and
survival is expected to be greater for more tolerant pencil-rooted species that predominate
within this coastal setting (Avicennia spp. [63]). For these species, there can also be important
positive feedback effects, whereby the pneumatophores of adult mangroves can increase
the survival of mangrove seedlings and therefore enhance recovery after disturbance [64].
Dissipation of wave energy into mangrove forests does not occur in a linear fashion and
may only drop below lethal values for some seedlings within denser Rhizophora-dominated
zones [65]. This explains why previous work often describes a greater survival of Rhizophora
apiculata planted into softer soils [66]. By understanding the microclimate characteristics of
the coastal environmental setting (and its implications for mangrove survival and growth),
we might be able to improve decisions about which species to plant in different settings.
Indeed, by using CES, Rovai et al. [34] were able to account for 60% of the variability in soil
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carbon estimates of mangrove forests globally and provide estimates for 57 nations that
lacked this data [67,68].

Many mangrove restoration projects around the globe have failed because they have
not accounted for hydrological conditions [21]. Indeed, the data emphasize the important
but often contrasting role of hydrology for certain species in response to the variation in the
tidal range. One study of the settlement dynamics of three mangrove species [69] showed
that propagules established best in the lower intertidal, where they remained partially sub-
merged during low tides, and established more poorly in the upper intertidal. In terms of
active restoration, planting mangroves in the wrong place has been shown to lead to dead,
dying or “dismally stunted” trees [22]. For species with pencil roots (pneumatophores), the
data suggest that survival increased from microtidal (i.e., generally considered less than
2 m) to macrotidal regimes. Several previous studies have shown that the root tissue mass
and oxygen content of Avicenna spp. can be influenced by the frequency and duration of
inundation, showing the greatest values at intermediate durations (1.5 to 6.5 h per tide),
which can constitute a physiological limit for this species [70,71]. This points to the need
to restore hydrology (i.e., water levels) at many sites to improve natural regeneration or
to plant mangrove species that are likely to survive in the altered conditions [21]. This
may be particularly important where coastlines have been severely modified through the
construction of shrimp farms (e.g., throughout much of south-east Asia and South Amer-
ica [8,72]). The outcomes of active mangrove restoration (including planted mangroves
and those that regenerate following the reintroduction of tides) are similar to naturally
regenerated mangroves, but sometimes lower than natural mangroves [55]. In situations
where planting is necessary or desirable, improved decisions about which species to plant
in different contexts should help to overcome several of the principal causes of mortality.

4.3. Optimized Planting

The data suggest that to improve the survival of planted mangroves, practitioners
should consider beneficial plant husbandry methods such as longer nursery periods and
supplemental watering [73], and carefully select which species are appropriate for the
desired context, considering aspects such as climate, setting and position relative to tides.
Restoring forests in temperate and subtropical regions might be improved by using well-
established (larger) saplings (Supplementary Figure S1) of hardy species such as Avicennia
marina, which has a latitudinal limit greater than the plantings reported in this present
meta-analysis [74]. Survival of stilt-rooted species such as Rhizophora in deltas and estu-
aries of tropical regions might be improved by ensuring plants are not placed too close
together [20,75,76]. Summarizing this data, we present a restoration guideline which could
help restoration practitioners to identify patterns for formal hypotheses testing and which
could ultimately help to optimize survival outcomes for different morphological groups of
mangroves (Figure 5).

Only a few publications were found that reported the results of mixed species plant-
ings [55]. Of these, survival tended to be greater within estuarine or deltaic settings (re-
ported average 75% [77]) than in fringing settings (41% [78,79]). The emerging shift toward
multi-species planting is likely to raise further questions, including how different species
perform inside and outside of existing stands of adult trees [80] and how to measure the
growth performance of seedlings and saplings [81,82]. Protocols should be developed to
give practitioners information on the best practice regarding timing (e.g., months, years, etc.)
and methods (e.g., stem height, diameter, etc.) to improve restoration programs across
different coastal systems and regions. Another consideration in the context of restoration
outcomes is how survival may be influenced by the age of the forest. High rates of juve-
nile mortality might mean that short-duration studies show lower relative success, when
compared to longer-term studies where the endpoint is mature trees [83]. Unfortunately,
there was not sufficient data to evaluate changes in survival over time. Overall, this type of
additional information will complement global-scale mangrove studies, providing open
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and transparent data to increase the update and impact of large-scale mangrove research
and conservation [84].

Figure 5. Restoration guidelines that can optimize survival outcomes for different morphological
groups of mangroves.

4.4. Study Strengths and Disadvantages

The strength of the present study is that it synthesizes a diverse range of projects
to extract valuable information about the survival of planted mangroves as a result of
different plant husbandry methods and environmental factors. To date, few studies have
tried to gather such information and use it to derive hypotheses for proper experimental
tests that could help restoration practitioners. In contrast, the study also highlights some of
the disadvantages of these types of meta-analyses, which can be hampered by the different
metrics to measure survival, different timescales over which studies were performed
and the fact that many of the technical aspects of planting methods and the background
environment are rarely provided for individual studies, making it difficult to compare
success across time and space. Researchers and practitioners often have different objectives,
but working together should prove a fruitful way to gather information about restoration
methods (e.g., life history stage and nursery stock size, the level of after-care and causes of
mortality) that can be used to improve restoration outcomes.

5. Conclusions

Understanding the influence of planting methods and the environment on the survival
of planted mangroves in a way that provides useful guidance to practitioners remains
a challenge because of the complexities of local context, project goals and the suite of
species available. Rather than proposing rigid protocols (as some guidelines suggest), it
is recommended that practitioners consider the composition and distribution of existing
intact mangrove stands in the vicinity, if possible. Overall, the findings of this review
suggest that experimental tests of the effect of spacing, life stage and coastal environmental
setting would be valuable to further understand the major influences on survival, and thus
improve the success of mangrove planting programs globally.
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this review; Table S2: Number of recorded from studies (by country) including in the meta-analysis
conducted in this review.
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