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Abstract

:

Background and Objectives: Mangrove forests offer many essential ecosystem services, including the protection of (sub)tropical coastlines, their inhabitants, and the infrastructure from severe storms and tsunamis. However, mangroves themselves suffer severely from such phenomena. After such events, reforestation efforts are widely undertaken to facilitate the recovery of the mangroves. Many of these laborious activities, however, fail for a number of reasons. Material and Methods: In October 1998, the Honduran Island of Guanaja was severely hit by Hurricane Mitch, and, after the storm, almost all of the mangrove forests (97%) were rated as dead. Seven years after Mitch, a longterm survey on the regeneration of the mangroves started. Field samplings in six variably disturbed mangrove zones was conducted in 2005, 2009, and 2016. Along permanent line-transects, all living plant species were recorded for statistical analyses and for quantifying progress. In this paper, the focus is on the three most severely hit areas. In two of them, planting efforts were carried out while the third one was left to regenerate naturally. This setting allowed a direct comparison between natural and human-assisted regeneration processes under otherwise similar conditions and equally severe previous disturbance. Results: Reforestation measures were characterized by high mortality rates of Rhizophora mangle L. propagules planted predominantly. Some, however, surely survived and might have contributed to regeneration after the disturbance. In 2016, roughly two decades after Hurricane Mitch, low-growing Rhizophora mangle forests, with high ground cover, were found. Surprisingly, the area without any planting also witnessed similar mangrove rejuvenation in the same period. Conclusion: Findings on the recovering mangroves in Guanaja confirm the lessons learned from other mangrove rehabilitation measures: planting mostly fails and commonly does not accelerate the revegetation of disturbed forests. In naturally regenerating forests, recolonization may occur after a certain time-lag only if few diaspore sources survived in the surrounding; as soon as established mangrove plants bear propagules, a quick return to viable forests takes place, proving the high resilience of these coastal ecosystems.
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1. Introduction


Mangroves offer many fundamental ecosystem services to humans [1,2,3,4,5,6,7,8,9]. Besides playing an important role in the earth’s carbon cycle, mangroves mitigate land degradation and erosion, act as a nursing ground for fish and invertebrates, and provide both timber and nontimber produce. Mangrove forests protect coastal human and nonhuman populations from tropical storms and tsunamis. Coastal protection is one of the most undervalued ecosystem services, despite having the highest net present value [10,11,12]. However, while they limit damage to infrastructure and physical harm to humans and nonhumans alike (e.g., [12,13,14,15,16,17,18,19]), mangroves can experience severe disturbances when such natural events occur and, consequently, lose their ecosystem functions and services [15,20,21]. Mangrove restoration and rehabilitation measures are widespread after any severe disturbance to help accelerate the rejuvenation of the mangroves for their ecosystem services [22,23,24,25,26,27]. Planting of propagules (mainly Rhizophora species) or seedlings raised in nurseries is a common approach, combined, sometimes (and, if so, generally more successful), with hydrologic manipulation to restore proper physiochemical conditions for mangrove establishment and regrowth. Many of these laborious activities, however, fail for a number of reasons (e.g., planting in unsuitable topographic location, insufficient postplanting care, modified site conditions, predation by crabs and beetles [28,29,30,31,32]). On the other hand, there is a growing body of evidence about the resilience of mangroves, showing that even after severe disturbances, mangroves grow back by natural regeneration within a reasonable period of time [20,33,34,35]. So, adapting a Shakespearian saying as the title, this paper questions whether the labor-intensive and sometimes expensive reforestation of mangroves [36] is indeed the most practical, “default” way of helping severely disturbed mangrove forests to recover.



The observations presented here are derived from a longterm survey on the recovery of hurricane-disturbed mangroves in the Honduran Island of Guanaja across six variably disturbed mangrove forests [37]. This paper focuses on the three most severely affected mangrove areas located on the windward side of the island and, thus, particularly exposed to the forces of Hurricane Mitch, which was one of the most powerful storms of the last century within the Caribbean [38]. All three areas showed basically no signs of regeneration after the storm, and, as chances for natural regrowth were assumed to be low [39], reforestation measures were carried out at some locations. In two out of the three mangrove areas, planting efforts were conducted, namely, Mangrove Bight (MB) and Savannah Bight (SB), while the third, West End South (WES), was left to natural regeneration (personal communication Mariela Ochoa), providing an opportunity to directly compare the outcomes of natural and human-assisted regeneration under otherwise comparable site and storm conditions.




2. Materials and Methods


2.1. Study Area


Guanaja is the second largest of the Bay Islands, located within the Gulf of Honduras (Figure 1). The relief of the island is hilly, with Michael Rock Peak (415 m a.s.l) being the highest point. Located at a latitude of 16° 28′ N, Guanaja has a tropical climate, affected by trade winds from East to Northeast year-round. Precipitation maximum is not caused by zenithal rains during passage of the Innertropical Convergence Zone but during the winter months, when continental-polar cold fronts occasionally move south into the Caribbean and the Gulf of Honduras. Annual mean temperature is 27.3 °C, and seasonal variation is low (Figure 1). Between May and October, a potential “hurricane season” arises when low-pressure systems move into the Caribbean from the Atlantic Ocean. One of the most powerful Atlantic hurricanes of the last century was Mitch [38], which hit Guanaja in October 1998. While making landfall on Guanaja on 27 October as a category SS4 storm, track speed slowed considerably (<8 km/h) and the eye of the hurricane persisted close to Guanaja between 27 and 29 October, thus striking the island with heavy winds for about 70 hours. During the night of 29 October, Mitch reached mainland Honduras and slowed down to a tropical storm only, but it still caused severe destruction and a high number of casualties in mainland Central America due to the landslides induced by the heavy rain [39,40].



Together with the coral reefs and the pine forests (Pinus caribaea var. hondurensis (Sénéclauze) W.H. Barrett & Golfari), the mangroves were among the most severely disturbed ecosystems on Guanaja [41]. Prior to the storm, the mangroves had a patchy distribution to leveled and poorly drained coastal areas with low wave action (Figure 1). The most common species in the mangroves on Guanaja was Rhizophora mangle, in many cases being monodominant. On slightly higher ground, with reduced inundation, Laguncularia racemosa (L.) C.F. Gaertn. and/or Avicennia germinans (L.) L. are commonly associated in the mangrove forests of the Bay Islands [37,42,43]. Transitional to terrestrial ecosystems, a belt of Conocarpus erectus L. and/or the mangrove fern Acrostichum aureum L. commonly occurs. Prior to the storm, the mangrove forests on Guanaja reached canopy heights of up to 20 m [43,44].



As chances for natural regrowth after Hurricane Mitch were regarded as low [39], the Honduran forestry agency ESCNACIFOR (Escuela Nacional de Ciencias Forestales) initiated a replanting program, carried out in 2003 and 2004 across locations in the seriously struck northeast of the island and along the canal at the Airport. Five years later, an American voluntary initiative commenced to plant tens of thousands of mangrove propagules over the next half-decade, again, mainly in the northeast of the island. Both planting campaigns almost exclusively used Rhizophora mangle propagules collected from the neighboring Island of Santa Elena (close to Roatan) or Guanaja itself. Initially the propagules were planted directly in both the initiatives. As mortality rates were found to be high, the second initiative started planting seedlings raised in nurseries (again primarily Rhizophora mangle, to a lesser degree also Laguncularia racemosa and Avicennia germinans) to increase chances of their survival. In the second reforestation campaign, local people as well as volunteers from abroad were involved, the most prominent one being Jimmy Carter, the former President of the United States of America. Total cost of the activities, covered by Canadian government in the first and by grants and donations in the second case, could not be exactly ascertained. In the year 2013, an annual budget of about USD10,000 was available to cover the expenses of the boat transport offered to collect propagules and to reach planting sites, as well as to instruct local people and volunteers on how to perform the planting (personal communication Mariela Ochoa). Similar figures can be assumed for other years. The exact number of propagules planted is also not available; however, estimates range between approximately 20,000 in 2010 and up to 100,000 in 2012 (personal communication Scott Duncan and Mariela Ochoa).




2.2. Field Sampling


Vegetation sampling was carried out using line-transects (line-intercept method, see [45]; Figure S1). The transects were set up, GPS-tracked, and marked by colored tapes in 2005 for allowing an exact match during resurveys, which so far took place in 2009 and 2016. The transects run from the seaward fringe to the landward margin, perpendicular to potential ecological gradients, as recommended by [46]. Depending on area size and outline of the mangrove areas, the length and number of the transects per site vary (SB: one transect of 550 m; MB: two transects of 250 and 270 m; WES: two transects of 110 and 150 m). Along the transects, the ground cover of all living plant species, mangrove seedling numbers, and the amount of woody debris were quantitatively recorded with a resolution of 0.1 m using a measuring tape. Shrub and tree species were recorded in different height classes (<2, 2–5, 5–10, 10–20 m). The linear measurements were translated into ground cover values (in %) per 10 m-segments for each species afterward for statistical analyses (see Figure S1). The taxonomy of plant species and life-form classification follows the Checklist of the Vascular Plants of Belize [47].



During the field campaign in March 2009, some important physiochemical soil parameters (temperature, pH, salinity, and redox potential) were measured along the transects with a multiparameter measuring device (Eijkelkamp 18.28, Agrisearch Equipment). Measurements were carried out at consistent spacings of 50 m, accounting for a total of 21 readings (SB: 10, MB: 7, WES: 4). Redox potential, which indicates whether soils are in aerobic or anaerobic conditions, were measured in-situ at a soil depth of 10 cm with a platinum Ag/AgCl 3 mol/L KCL electrode after equilibration for up to an hour, as soon as values remained constant. During this reading, the temperature was also recorded. Measurements of pH values and conductivity were conducted in a suspension of soil material from a 10 cm depth and the interstitial water filling the hole, mixed in a vessel at a ratio of 1:5. The pH values were obtained by a standard KCl pH electrode (T = 25°C) after calibration in 4.0 and 7.0 standards (NIST (National Institute of Standards and Technology) scale). The measured conductivity values were automatically translated into salinity figures in g/l by the measuring device.




2.3. Data Analysis


Data analysis included uni- and multivariate statistical procedures. Changes in the ground cover of species or functional groups are visualized by bar graphs showing mean ground cover per 10 m transect segment and for the study areas as a whole. A Principal Component Analysis (PCA), i.e., an unconstrained ordination analysis calculated from species data only [48], was employed to identify similarities, or rather, dissimilarities concerning species composition and/or structural attributes between transect segments of different sites and sampling dates. The data set includes both true species (common mangrove taxa such as Rhizophora mangle, Laguncularia racemosa, Avicennia germinans, Conocarpus erectus, and Acrostichum aureum) as well as functional groups integrating mainly less-common taxa (such as climbers, graminoids, herbs, epiphytes, and freshwater swamp trees/palms). The PCA results are displayed by an ordination scatter plot, arranging samples along meaningful gradients. Samples are shown as symbols and species/functional groups as arrows, pointing from the origin of the coordinates into the direction where samples with above-average values of the respective species/functional group are located. The arrangement of transect segments within the ordination space enables a spatiotemporal evaluation of the floristic and/or structural (dis)similarity between segments sampled atdifferent dates and/or sites. To depict the course of change, data are displayed separately for the three surveys in 2005, 2009, and 2016 because a scatterplot encompassing all sampling sites and dates would be very crowded. The PCA analysis was performed with the software Canoco 4.5 (Biometrics, Wageningen & České Budĕjovice). Species data were log-transformed (x’ = log (x+1)) prior to PCA calculation to moderate extreme values within the dataset [48,49].





3. Results


At the time of the initial survey in 2005, the three mangrove areas, MB, SB, and WES, had low groundcover of living mangrove tree species (<10%) and impacts of the hurricane forces were still prominent seven years after the storm (Figure 2; see also Table S1). Consequently, these sites were classified as low regeneration sites. Other less severely disturbed areas, in more sheltered locations on the island, were in a more advanced stage of regeneration and were accordingly classified as moderate to high regeneration sites (Figure 2) [37].



According to the measured values, soil conditions differed to some degree, both within and between areas (Figure 3). Soil temperatures varied between a minimum of 25.5 °C at SB and a maximum of 33.1 °C at MB. Median values were lowest at SB and highest at WES. The pH values measured indicate primarily near-neutral conditions, with only slight deviations from pH 7 (Figure 3) in all three areas. Salinity showed a wider range of variation between 1.6‰ (= 1.6 g/L), indicating almost nonsaline conditions at the transition to terrestrial formations in all three areas, and 21‰ (21 g/L), under more regular marine inundation. The recorded values of redox potential indicated predominantly anaerobic conditions (<100 mV), although, in all three areas, better aerated soils (>100 mV) also occur. Minimum and maximum values are fairly similar; however, the median and the interquartile range of the boxplots in Figure 3 differ between areas.



Figure 4 visualizes the vegetation development along three transects, one each in the three study areas. In 2005, a common feature of all transects was a high degree of woody debris covering the ground. Living plants were rare; only a broad belt of Acrostichum aureum was present on the landward side in Mangrove Bight and a few adult individuals of Rhizopohora mangle and Laguncularia racemosa at the edge of the mangrove areas in SB and WES, which survived the storm at protected locations. Protection was either provided by rocky escarpments (SB) or the adjoining terrestrial forests (WES) (Figure 4). Occasionally, seedlings of mangrove tree species were recorded, primarily Rhizophora mangle (14 at MB, 7 at SB, and 2 at WES), but also of Laguncularia racemosa (one each at SB and MB; Figure 5). Some of the Rhizophora mangle seedlings recorded in MB and SB might have originated from the ESNACIFOR planting campaigns in 2003 and 2004.



The survey of 2009 revealed an almost complete decay of the woody debris in all three sites (Figure 4). Other than that, the three transects showed remarkable differences in vegetation development during the preceding four-year period. WES, without any planting activities, persisted in a low regeneration state with only marginally higher ground cover of mangrove tree species and very few seedlings (2 Rhizophora mangle and 1 Laguncularia racemose; Figure 5). At MB, primarily heliophytic and salt-tolerant herbs (Sesuvium portulacastrum (L.) L., Blutaparon vermiculare (L.) Maers, Eclipta prostrata (L.) L., Cakile lanceolata (Willd.) O.E. Schulz) and grasses (Distichlis spicata (L.) Greene, Spartina spartinae (Trin.) Merr. Ex Hitchc.) invaded the area, and, within the Acrostichum aureum belt, Typha domingensis Pers. established in large numbers, while a substantial increase in the mangrove cover could not be observed (Table S1). However, along the two transects, establishment of mangrove propagules continued (30 Rhizophora mangle and 9 Laguncularia racemose; Figure 5). Most of the Rhizophora mangle propagules (a total of 22) were encountered at the seaward margin of the bay, which obviously were recently planted by the US planting initiative. In contrast, at SB, mangrove cover increased in some transect segments (see Figure 4) by the young mangrove trees, which might have originated from the ESNACIFOR planting campaign at the seaward margin of the transect, but also from natural regeneration at the landward side where propagules most likely were provided by the few surviving mangrove trees in sheltered locations. Due to greater distance to potential propagule sources at both ends of the transect and without planting, the center of the transect lacks young mangrove trees. In some segments, however, mangrove seedlings are present coming from propagule-bearing individuals at both ends of the transect (a total of 26 Rhizophora mangle, 7 Laguncularia racemose, and 4 Avicennia germinans; Figure 5). On the landward side of the transect at SB, a short section with salt-tolerant herbs (Sesuvium portulacastrum, Blutaparon vermiculare) and grasses (Distichlis spicata) was present (Figure 4).



A very distinct pattern was revealed in the survey of 2016. In all three areas, most transect segments were now covered by mangrove trees, with local ground-cover values well-above 100% due to the cumulative coverage of the different height classes. Herbaceous and grassy species predominantly disappeared at Savannah Bight but are still present to a very high degree (in particular, Blutaparon vermiculare) at Mangrove Bight. Seedling numbers decreased in MB (10 Rhizophora mangle, 7 Laguncularia racemose, and 1 Avicennia germinans) and SB (16 Rhizophora mangle, 1 Laguncularia racemose; Figure 5), probably due to shadowing effects preventing seedling establishment [50]. At WES, however, seedling numbers increased (10 Rhizophora mangle) or remained stable (1 Laguncularia racemose) (Figure 5), indicating a slightly delayed development if seedling development is dependent on a natural influx of propagules.



The transect resurveys revealed a high spatiotemporal heterogeneity within the dataset, i.e., vegetation development varies widely both within and between areas, as well as between sampling dates [37]. Together, Axis 1 and Axis 2 of the PCA in Figure 6 explain 51.2% of the variance in species data. The ordination space is defined by the presence of living mangrove species on the right side of the ordination plot, primarily Rhizophora mangle (correlation coefficient with Axis 1: r = 0.922) and, to a lesser extent, also Laguncularia racemosa (r = 0.446) and Avicennia germinans (r = 0.370), and by very low cover or even total absence of living mangrove species on the left side. Along the second axis, the two-dimensional space is defined by the presence of the heliophilous mangrove fern Acrostichum aureum (r = 0.855) in the upper part and by woody debris (r = −0.655) in the lower part.



In simple terms, transect segments without vital mangrove vegetation are pooled on the left side of the two PCA axes in Figure 6, while those with living mangrove tree species and/or exhibiting evidence of progressing regeneration are situated on the right side. In 2005, very few transect segments of the three study areas were to be found on the “living” side of the ordination plot, demonstrating the still very high destruction and low regeneration of the mangrove forests at MB, SB, and WES, seven years after Hurricane Mitch. MB and WES segments, with high Acrostichum aureum coverage, are arranged in the upper left quadrant; otherwise most of the transect segments are concentrated in the lower left quadrant, defined by a high amount of woody debris. By 2009, the number of transect segment located on the right side slightly increased for all the three areas, indicating a slowly ongoing regeneration—naturally and/or human-assisted—that caused some segments to shift from the left to the right side of the ordination space. A very different scenario emerged in 2016, with most segments now being located on the right side, indicating an initially delayed but continually progressing regeneration of the mangrove forests across all three study sites in Guanaja after Hurricane Mitch, regardless of reforestation measures.




4. Discussion


4.1. Mangrove Regeneration and Restoration on Guanaja after Hurricane Mitch


Regeneration of severely hurricane-disturbed mangrove areas in Guanaja shows different trajectories during the first two decades but a remarkably uniform outcome. Mangrove tree species, primarily Rhizophora mangle, recaptured the formerly disturbed areas, an effect visible in the time series analysis of NDVI (Normalized Difference Vegetation Index)-transformed satellite images as well [51]. In all of the three severely disturbed areas considered here, the mangrove cover increased only marginally during the first decade after the storm (i.e., between 2005 and 2009) but strongly in the second decade (between 2009 and 2016; see Figure 2 and Figure 4 and Table S1; repeated photographs of WES, SB, and MB for 2009 and 2016 can be found in [37]), irrespective of



	(1)

	
whether no reforestation measures were undertaken, as in WES,




	(2)

	
whether some planting was successful as in parts of SB and MB, or




	(3)

	
whether an interim herbaceous phase was involved, as in MB.







In particular, for the latter area (MB), it was hypothesized during the 2009 resurvey that the low success of Rhizophora mangle propagule establishment (planted and natural) and the concurrent invasion of salt-tolerant herbs and grasses resulted from a permanent conversion of mangroves to treeless salt marshes. This was the dominant assumption for the severely disturbed mangroves in Guanaja earlier [52], and it was something that had been reported for other severely disturbed mangrove areas globally, too (e.g., [53,54,55,56,57]). It is attributed to a loss of “ecological memory” (seed banks, saplings, refugia, favorable soil conditions) caused by a severe disturbance that transforms a system into a different state [57].



The absence of natural recolonization, as well as the low success of the ESNACIFOR replanting campaign observed during the first survey in 2005, suggested edaphic constraints in the aftermath of Hurricane Mitch were preventing recovery [39,58]. The recorded soil characteristics, however, were well within the range reported from other mangroves globally [50,59,60]. For explaining differences in soil temperature between the three mangrove areas, reasons discussed for Jamaican mangroves might be taken into account [61]. The authors explained thermal variations there by the degree of shading and freshwater input. As shading in the “ghost forests” on Guanaja can be ignored as being responsible, the amount of freshwater input is most likely the reason for thermal differences within and between areas (Figure 3). While MB and WES do not have a substantial freshwater input, the Quebradas Big Gully and Flat Gully, draining the high central part of the island, flow into the bay of SB. The variation of pH values within and between sites was low (Figure 3), deviating only slightly from near-neutral conditions. Mangrove soils, in general, tend to be neutral or only weakly acidic due to a high sulfur content, which is, to some extent, bound with iron to form pyrites [50]. In addition, the buffering capacity of dissolved salts such as Na+ and Mg2+ often prevents soil acidification [62]. Soil desiccation, however, allows the oxidation of sulfides like pyrite, which can lead to soil acidification [50]. This might be the reason for the two outlier values at SB in Figure 3. During the field exploration in March 2009, large stretches of SB lacked inundation, being responsible for the generally higher redox values here, too. In contrast, the transects at MB and WES, for the most part, were inundated and measurements showed more typical redox conditions for mangroves due to waterlogged soils [60]. Soil salinity values, despite some variation within and between areas (Figure 3), stayed well below the salinity of seawater (35‰) due to leaching of salts during the preceding rainy season.



Edaphic conditions should not have been accountable for the low success of mangrove propagule establishment during the first decade after Hurricane Mitch, both planted ones and buoyant ones that arrived by floating. This assumption is supported by the rapid vegetation development in the severely disturbed mangroves areas during the following seven-year period after the measurements were conducted. The low progress in vegetation development during the first decade after Mitch is most likely related to the combined effects of a low number of propagule sources in the close surroundings of the disturbed areas, which would have been able to push forward natural regeneration, and the high mortality rate of the planted propagules due to planting in unsuitable locations and predation by crabs. Locally, more than 90% of the planted mangrove propagules did not survive (personal communication Scott Duncan). Only later, attempts with Rhizophora mangle seedlings raised in nurseries slightly reduced the mortality rates. The high mortality rates of planted propagules on Guanaja are well in line with findings of other mangrove restoration projects [28,29,30,31,32]. In spite of low success of planting in Guanaja, some of the planted propagules and/or seedlings made it into a propagule-bearing stage during subsequent years after planting, as did a few of the naturally arrived, waterborne propagules. Once propagule-bearing individuals were present, a state commonly achieved within a half-decade [63], the number of available propagules and, thus, the chance for successful establishment sharply increases, paving the way for a swift rejuvenation of the mangrove forest.



The fact that mangroves are able to regenerate without human intervention proves the high resilience of this ecosystem, even if the tree species (in particular, Rhizophora mangle, with its delicate stilt roots) are not very resistant to periodically occurring storm events. The process of regeneration might be accelerated by reforestation measures, which happened at MB and SB on the seaward fringe, but the difference from the naturally regenerating mangroves in WES was minimal. In addition, the coexistence of salt-tolerant herbs and grasses and small mangrove trees in MB proves that herbaceous and graminoid salt marsh species do not prevent the establishment of mangrove propagules; rather, they enable mutualistic effects and facilitate mangrove recovery. Similar patterns are reported from other disturbed mangrove areas within the Caribbean and beyond [64,65,66,67].




4.2. Mangrove Regeneration and Restoration—A More Global Perspective


Mangroves are one of the most threatened ecosystems in the world, primarily from direct anthropogenic impacts (e.g., conversion for aquaculture, urbanization, pollution) but, more recently (and increasingly), also by the effects of a changing climate (e.g., sea-level rise, drought, more high-intensity storms) [68,69,70,71]. As the negative effects of a continuously shrinking mangrove area in terms of the services, that these ecosystems provide to the local and global human population, are increasingly recognized, many initiatives have been started in the recent past to rehabilitate or restore disturbed and/or degraded mangroves [72,73]. While there are some positive examples of successful rehabilitation or restoration projects (e.g., [31,74,75,76]), most of these labor-intensive and sometimes costly efforts fail [27,28,29,30,31,32,77,78].



Replanting has the potential to accelerate the recovery of vital mangroves in the aftermath of severe disturbances [76]. However, replanted mangroves remain mere plantations rather than ecologically integrated ecosystems, in particular, if the focus is on the tree species only [28]. Compared to naturally regenerating forests, planted forests generally have a lower structural complexity. Structural complexity, however, is key for the long-term stability of mangrove forests [79]. Often, only very few (or even one) fast-growing species are considered for replanting—in the Neotropics, primarily Rhizophora mangle—representing the afforestation of monocultures rather than true ecosystem restoration [28]. In the long run, this will lead to an impaired secondary succession [80]. In addition, restoration is commonly done by the planting of locally (or nearby) collected propagules, which threatens genetic diversity [81]. Despite these shortcomings, there is nevertheless one tremendous benefit of reforestation campaigns if local people are involved: the chance to raise awareness about the value of mangroves. Participation of the general public in mangrove restoration projects not only helps to restore disturbed mangrove forests and reinstate important ecosystem services but also bolsters the social capital of communities [82].



However, not all degraded or disturbed mangrove areas need reforestation measures. Depending on the grade of deterioration, they might be able to recover naturally, which commonly leads to structurally and ecologically more diverse forests [76], which are more robust, can withstand natural disturbances better, and provide more diverse ecological functions and services. Based on the observations on the Island of Guanaja, where human-assisted (MB, SB) and natural regeneration (WES) have had the same outcome, labor-intensive and sometimes costly replantation of disturbed mangroves can be critically questioned. Due to the high mortality rates of planted propagules—which holds true for Guanaja too—the positive effects for enhancing the grow-back of mangrove trees are limited. Naturally regenerating mangroves, in contrast, might exhibit a certain time lag (Figure 5) if only a few diaspore sources survived in the surrounding. However, as soon as established individuals have grown up into a propagule-bearing stage, a quick return to viable forests takes place, proving the high resilience of mangrove forests. Once individuals have successfully established and, depending on the species, aerial or stilt-roots are formed, the trapping of floating propagules is supported, and the succession and further development of mangrove stands are enhanced. In contrast, if no adult propagule-bearing trees are left, the chance of seedlings establishment by an inflow of buoyant propagules from outside is low, and it might take a long time until the first seedlings are established. In those cases, planting operations might be helpful to avoid negative developments caused by a long-lasting absence of mangroves (e.g., coastal erosion, sedimentation of coral reefs and seagrass meadows, and peat collapse). Even more important than active planting is to ensure that the hydroecological conditions for a natural recolonization by mangrove species are maintained or restored. In particular, the impeding effects of infrastructure such as roads, dikes, and bridges have to be taken into account and dismantled if necessary [83].





5. Conclusions


This paper suggests that replanting should not be considered the primary means to restore mangrove forests after a severe disturbance. A comparison between the natural and the human-assisted regeneration of mangroves after Hurricane Mitch in Guanaja reveals no substantial differences concerning the success of the rejuvenation of the mangroves. On the contrary, despite a severe disturbance such as Hurricane Mitch, the mangroves proved to be highly resilient, even if not being particularly able to withstand the impacts of the storm [37]. Mangroves regenerate via different pathways, which might take longer in severely disturbed sites than in less disturbed sites. Planting, if successful, might slightly enhance the pace of regeneration, but, without human assistance, the regrowth of mangrove trees in severely disturbed mangrove areas in Guanaja during the first two decades after the storm remained the same. The high mortality of planted mangrove seedlings and the drawbacks of restoration measures for forest structure and ecosystem functioning make the labor-intensive and sometimes costly reforestation measures in disturbed mangroves questionable, and the need for human intervention should be carefully assessed in each case. In many cases, these programs neither fulfill their promise concerning ecological integrity and biodiversity nor are they sustainable if not supported by local people. Natural regeneration, in contrast, commonly leads to structurally and ecologically more diverse and robust forests, providing ecosystem services. In this respect, mangrove forests do not behave differently from other tropical forests, where natural regeneration has been found to be ecologically superior to active restoration from both economic (low cost vs. high cost) and ecological perspectives (ecosystem functioning and services, structural heterogeneity, species richness, growth rates, litterfall) [84]. In addition, major challenges for mangrove restoration can emanate from the poor consensus of the local people concerning the restoration goals and a lack of confidence between the actors involved, potentially leading to social opposition even before restoration measures are actually implemented [82,85,86]. This can be easily avoided by allowing disturbed sites to regenerate naturally. Human beings are notoriously impatient creatures who tend to activism. In the case of mangrove regeneration after natural disturbances, it could be better and easier to be patient, to ensure appropriate conditions for natural colonization by waterborne propagules instead of planting and let nature do its work [83].
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Figure 1. Shaded relief of Guanaja (SRTM data); highlighted in green are mangrove areas; those observed in the long-term monitoring project [37] are labeled in bold letters; the three most severely disturbed ones considered in this paper are labeled in red (Mangrove Bight (MB), Savannah Bight (SB), West End South (WES)); the climate chart of the neighboring island of Roatan displays the overall climatic conditions of the Bay Islands. 
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Figure 2. Shaded relief of Guanaja (SRTM data) with the categorization of mangrove regeneration in 2005; bar plots visualize the development of mean ground cover of certain functional groups at MB, SB, and WES during the study period; photographs illustrate the degree of disturbance seven years after Hurricane Mitch (adapted and modified from [37]). 
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Figure 3. Boxplots of the soil parameters of temperature, pH value, salinity, and redox potential at MB, SB, and WES. 
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Figure 4. Vegetation development documented along the line transects at MB, SB, and WES for the three different sampling dates in 2005, 2009, and 2016. Due to space limitations, only one transect (of the two) is displayed for MB and WES. 
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Figure 5. Mean seedling numbers per 100 m of the three mangrove tree species present on Guanaja. 
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Figure 6. PCA scatterplot encompassing all 10m-transect segments of all sampling dates (2005, 2009, 2016) for MB, SB, and WES; for sake of clarity, data are presented separately for the different sampling dates (adapted and modified from [37]). 
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