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42 A B S T R A C T
43 Restoration of red mangroves (Rhizophora mangle) in high-energy environ-
44 ments has proven difficult in the past, but it is a critical aspect of restoration science,
45 since mangroves provide natural protection to shorelines and buffer sensitive near-
46 shore tropical ecosystems. We present here the initial field results from a pilot test
47 of a new technique for the restoration of R. mangle in high-energy environments,
48 using anchored armored concrete cultivator pots to stabilize the juvenile mangrove
49 until it can establish a network of buttress roots. Mangroves were reared in a
50 nursery for 15 months before transplantation to fully and partially exposed field
51 sites. Mangroves transplanted in this way on Grand Cayman Island were able to
52 survive two direct hurricane hits shortly after transplantation during the hurricane
53 season of 2008, with survival rates ranging from 42% to 73% depending on the
54 exposure of the site. We discuss the implications of these results and a proposed
55 revision to our technique, which we hope will eliminate the work-intensive and
56 costly nursery phase while also facilitating higher survival rates by minimizing
57 washout, which was a key source of mortality, accounting for 20%-50% of
58 mortalities depending on site.
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13 Introduction
14 Mangrove forests are some of the
15 most productive ecosystems in the
16 world (Tomlinson, 1986; Hemminga
17 et al., 1994). In addition, the diverse
18 and plentiful ecosystem services pro-
19 vided by mangal make this system one
20 of the most critical tropical habitats for
21 protection. Mangroves provide a nat-
22 ural solution to protect shorelines
23 from storms and provide erosional sta-
24 bility (Hogarth, 2007; Scoffin, 1970;
25 Woodroffe, 1992), without many of
26 the ecological and aesthetic pitfalls of
27 engineering projects such as groins and
28 seawalls. Mangroves also help reduce
29 the impact of anthropogenic nutrient
30 pollution by assimilating inorganic
31 nutrients from run-off and transform-
32 ing it into rich organic material, which
33 fuels the detrital food webs in areas
34 that are otherwise often quite oligo-
35 trophic (Jagtap, 1998; Ogden et al.,
36 1997). Furthermore, mangroves pro-
37 vide critical nursery habitat for fish,
38 birds, and invertebrates (Hogarth,
39 2007; Laegdsgaard and Johnson,
40 1995; Nagelkerken et al., 2001,
41 2002) and increase local and regional

59diversity (Nagelkerken et al., 2002;
60Dorenbosch et al., 2007).
61 In particular, mangrove-lined sys-
62 tems, which remain submerged even
63 at low tide, have been shown to pro-
64 vide an even higher level of valuable
65nursery habitat than fringing man-
66 grove systems (which drain completely
67 at low tide) (Lugendo et al., 2007). It
68 should be noted, however, that both
69 lined and fringing mangrove habitats
70will also increase water residence time,
71decrease current speed and reduce
72wave action, thus providing sessile
73 animals a safe place to settle, and
74 juveniles and other small animals with
75 a calm environment to find shelter and
76 food (De Vos, 2004; Wolanski and
77Ridd, 1986; Wolanski et al., 2001).
78 The benefits of mangrove systems
79 to fisheries have also been well docu-

80mented. Many studies have commen-
81ted on the effectiveness of seagrasses
82and mangroves as nursery habitats and
83food sources for commercially impor-
84tant finfish species (Dahlgren et al.,
852006; Nagelkerken et al., 2000, 2001,
862002) and have stressed the impor-
87tance to preserve the “recruitment cor-
88ridors” formed by the succession of
89mangrove, seagrass, and coral reef
90communities, as many invertebrates
91and fishes species undertake ontogenic
92migrations between habitats (Hiddink,
932003; Mumby and Hastings, 2008).
94Recent studies have found that the
95biomass of several commercially im-
96portant fish species are more than dou-
97ble when adult habitat is connected to
98mangroves(Mumbyetal.,2004,2006).
99Reducing mangrove habitat complex-
100ity would decrease the biodiversity
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101 and abundance of the associated fauna
102 and potentially have cascading con-
103 sequences at higher trophic levels
104 with potential penalties for fisheries
105 (Manson et al., 2005).
106 In spite of the established body of
107 literature documenting the ecological
108 importance of these environments,
109 natural and anthropogenic distur-
110 bances are increasingly impacting
111 mangrove ecosystems, and the un-
112 quenchable desire for beachfront real
113 estate places the mangrove-lined and
114 fringingmangrove systems at particular
115 risk. They are one of the world’s more
116 threatened tropical ecosystems (Valie-
117 la et al., 2001), and today’s mangrove
118 deforestation rates can exceed that of
119 tropical forest, with 2,251 km2 y−1 lost
120 in the Americas alone (Richmond,
121 1993; Mumby et al., 2004).
122 Despite this disturbing trend, only a
123 very small portion of the attention paid
124 to the development of habitat restora-
125 tion techniques has been directed
126 towards mangrove restoration for fish-
127 eries and ecosystem purposes. Many
128 previous restoration efforts are de-
129 signed around harvesting ofmangroves
130 for wood or using the mangal to trap
131 sediment for agriculture (e.g., Lewis,
132 2005). These efforts are done using
133 technologies that are several decades
134 old and have met with mixed results
135 (Ellison, 2000; Lewis and Gilmore,
136 2007), typically some modification of
137 a PVC encasement methodology (e.g.,
138 Riley and Selgado-Kent, 1999) or by
139 direct planting of juvenile mangroves
140 or mangrove propagules (seeds).While
141 traditional methods are typically suit-
142 able for the restoration of mangal in
143 low-energy shallow areas, they are
144 not well suited to restoration of many
145 coastal mangrove-lined ecosystems,
146 which may be subject to stresses such
147 as deeper water, wave action, and soil
148 erosion, since these techniques provide

149minimal protection from waves and
150other physical forces. However, it is
151 these fringing systems that provide
152 the most fisheries and ecosystem ben-
153 efits (Aburto-Oropeza et al., 2008;
154Turner and Lewis, 1997; Lewis and
155Gilmore, 2007).
156 Ironically, it is often these systems
157 that are in the greatest need of in-
158 tensive restoration efforts, since man-
159 groves are often needed to protect the
160 shoreline from the same forces that
161 typically prevent the areas in question
162 from repopulating naturally or with
163 traditional restoration techniques.
164Ever since the tsunami in Indonesia
165 in 2004, public awareness about the
166 importance of mangroves for natural
167 shoreline protection and restoration
168of ecosystem function is increasing
169 (e.g., Lewis, 2000; Aburto-Oropeza
170 et al., 2008), but a great deal of ad-
171ditional effort is still necessary to de-
172 termine how best to protect—and
173where necessary, to restore—this eco-
174 system.
175 We present here the results from
176 initial field testing of a new technolo-
177 gy: an armored concrete cultivator pot
178 for the restoration of red mangrove
179 (Rhizophora mangle) in high-energy
180 environments on Grand Cayman,
181British West Indies (BWI). The ar-
182mored cultivator technique is designed
183 specifically to re-introduce R. mangle
184 to areas where it was eradicated due to
185 storm damage or development and is
186not able to re-colonize sustainably
187because of waves, surge, or storms.
188While this technique is also suitable
189 for restoring calmer areas that cannot
190 re-grow naturally due to shoreline
191 fragmentation or lack of available
192propagules, it is not recommended
193 for these scenarios, since traditional
194 restoration techniques, which tend to
195be less expensive and time consuming,
196have been demonstrated to be effective

197in these environments (e.g., Ellison,
1982000; Lewis, 2005).
199We also discuss lessons learned in
200the implementation of this project,
201which can be applied to future high-
202energy restoration projects. Over the
203course of this project (over 3 years), we
204have constantly refined our techniques
205and technology. Presently, we are in
206the initial phases of pilot tests using a
207revised version of the armored cultiva-
208tor technique.

209Study Site
210We decided to use Grand Cayman,
211BWI, as our study site for a number of
212reasons. Grand Cayman’s mangrove
213ecosystems have endured important
214stress during the last years with the
215passage of several major hurricanes
216(e.g., Ivan in 2004 and Wilma in
2172005, which both reached Category
2185 on the Saffir-Simpson Hurricane
219Scale), and today, a large percentage
220of the island’s near-shore mangal has
221not yet recovered. The hydrology of
222Grand Cayman’s coasts has been dis-
223rupted over the last decade, generating
224high-energy conditions in most of the
225coastal area of the island’s South
226Sound (Figure 1), preventing natural
227resettlement of mangroves, which typ-
228ically settle in sheltered areas. Although
229propagules are able to endure wave and
230tidal action, settlement and seedling
231growth require a low-energy envi-
232ronment. In an effort to rehabilitate
233near-shore ecosystems and restore the
234mangrove forest around the island,
235several restoration projects have been
236attempted using traditional techniques
237(direct planting, split PVC) and have
238failed (T. Austin, personal commu-
239nication). Given the documented fail-
240ure of traditional techniques to restore
241R. mangle to these high-energy en-
242vironments, this environment pro-

2 Marine Technology Society Journal



243 vides an ideal testing ground for new
244 technology.
245 Working together with the Cay-
246 man Islands Department of Environ-
247 ment and local user groups and
248 stakeholders, we chose exposed sites
249 along the island’s South Sound that
250 had recently lost all mangrove cover
251 (but with documented evidence of
252 mangrove presence within the last
253 few years) as targets for rehabilitation.
254 We also chose a lower-energy compar-
255 ison site in the island’s North Sound
256 (similarly recently stripped of its man-
257 grove cover) and a sheltered nursery
258 site that was used to give the propagules
259 time to establish a strong root system
260 inside the cultivator before transplan-
261 tation to the exposed sites (Figure 1).

262 Materials and Methods
263 The centerpiece of this restoration
264 technique is the armored cultivator
265 unit itself. The cultivator is a specially
266 designed concrete miniature Reef
267 Ball™ artificial reef unit with a large
268 opening at the top, one small opening
269 on each side (for water circulation),
270 and a large hole at the bottom to allow

271 an optimal anchoring of the root sys-
272 tem into the substrate (Figure 2). Each
273 cultivator unit is approximately 25 cm
274 tall, 40-45 cm in diameter, with an
275 interior volume of approximately
2760.05m3, and weighs about 16 kg when
277 empty. A solution of sugar water is
278used as the de-molding agent, which
279 gives the concrete its textured appear-
280 ance. The anticipated lifetime of the
281 armored cultivator in seawater is ap-
282proximately 10 years (although this
283 can be adjusted up or down during
284 the production phase by using concrete
285 admixtures). While we did not test any
286 technical modifications to the system,
287 the armored cultivator can bemodified
288 in a number of ways, including reduc-
289 ing the size of the openings to further
290 reduce washout and adjusting the
291 strength of the concrete or the weight
292of the unit to deal with more severe
293 conditions.
294 The bottom hole on each unit is
295filled with a paint can lid, which is
296placed into the mold before pouring
297 the concrete. This creates a stable bot-
298 tom for the cultivator, which prevents
299 the roots from escaping the cultivator
300during the nursery stage and can be
301 removed when the plant is trans-
302planted or allowed to erode naturally.
303A paint can lid is used for this step
304because it is easily available and de-
305 grades over a period of about a year,
306which is about the period of time nec-
307 essary for the young mangrove’s roots
308 tofill the cultivator pot, at which point,
309 it can penetrate the degraded bottom
310 and reach the substrate below. In ad-
311dition, the degradation of the lid may
312provide a small amount of iron to the
313 environment. Iron, a trace nutrient el-
314 ement, could have a major control in
315 the nitrogen fixation in the tropics, and
316 thus, excess iron might provide more
317nitrogen to mangroves (Mills et al.,
3182004).

319In November, 2006, the imple-
320mentation of an 850-unit pilot test
321of the system began. Each of the culti-
322vators was lined with burlap (to reduce
323initial soil washout) and filled 3/4 full
324with soil. Four to six R. mangle propa-
325gules (depending on propagule size)
326were placed in each cultivator along
327with 15 g of Osmocote™ 12-month
328slow-release fertilizer, and then the
329unit was filled to the top with soil.
330The cultivators were then placed in a
331specially constructed nursery adjacent
332to a canal, in approximately 30 (±10)
333cm of water at mean tide (with a tidal
334fluctuation of only a few centimeters).
335This depth was chosen to ensure that
336all cultivators were submerged at least
337to the drain holes at high tide (to fa-
338cilitate water exchange) and that no
339propagule was completely submerged
340at low tide (to prevent “drowning”).
341The nursery depth was designed to
342be similar to the anticipated planting
343depths, which were governed by local
344hydrology and shoreline topography,
345as well as literature values, which sug-
346gest that while submerged, mangroves
347provide the most fisheries value, but
348that survival rates are drastically im-
349pacted when plants are inundated
350more than 30% of the time (Aburto-
351Oropeza et al., 2008; Lewis, 2005).
352The nursery was connected to themain
353canal via a small breachway which fa-
354cilitated some water exchange while
355buffering the mangroves from any
356strong currents or waves.
357The cultivators remained in the
358nursery for approximately 15 months.
359Previous laboratory research has
360shown that the lifespan of this fertilizer
361in seawater is reduced to approximate-
362ly 90-120 days (Krumholz et al.,
3632007); therefore, an additional 15 g
364of fertilizer was added during a subse-
365quent monitoring visit approximately
366120 days after planting. At this time, a

FIGURE 1

Map showing relative position of field sites on
Grand Cayman, BWI. The Nursery and Sailing
club (protected) site are located in the island’s
relatively sheltered North Sound, while the
South Sound sites (monitored in red, unmon-
itored in white) are fully exposed. Budget and
logistical restraints prevented thorough mon-
itoring ofmany of the South Soundmangroves
located on private property.
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367 random sampling was completed in
368 order to monitor the total number
369 of seedling per planter, the number
370 of stilt roots present of the tallest plant
371 in each planter survey, the height and
372 the thickness (both to the nearest mm)
373 of the seedling in the pot, and correlate
374 against environmental variables in the
375 nursery.
376 After 15 months, the cultivators
377 and mangroves were removed from
378 the nursery, and the side and top holes
379 were patched using a weak biode-
380 gradable concrete mixture designed
381 to protect the cultivator from washout

382during transport and re-stabilization
383 (and then to break up within a few
384months). Mangroves were transported
385 to four transplant locations. Three of
386 the locations were high-energy sites
387 along the exposed South Sound (two
388private waterfront properties and a
389public beach), and the fourth location
390was immediately adjacent to the nurs-
391 ery at the Cayman Islands Sailing
392Club, in the relatively protected North
393Sound (Figure 1). This location serves
394 as the low-energy site although it is
395 still subject to waves in excess of 0.5
396m on a regular basis. Immediately pri-

397or to planting, the bottoms of the cul-
398tivators (the paint can lids) were
399removed to allow the roots access to
400soil. Where necessary (in areas of par-
401ticularly high exposure or hard bot-
402tom), cultivators were anchored by
403driving a 0.75-m rebar stake through
404a fitted opening in the cement top of
405the cultivator and into the soil below
406to provide lateral stability until the
407roots could establish a strong foothold.
408The mangroves were then monitored
409before and after the 2008 hurricane
410season for growth and survival at the
411different locations; however, budget

FIGURE 2

Composite image showing (A) armored cultivators filled with soil andmangrove propagules awaiting deployment into the nursery (in background) and
(B) armored cultivators being anchored into final position at the North Sound transplant site. (C) Conceptual sketch of revised armored cultivator
system, which eliminates nursery sketch (Google Sketch-up™). (D) Pilot test of new armored cultivator system 5 months after deployment—note
leaves from juvenile mangroves extending from the top of several units.
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412 and logistical constraints restricted the
413 availability of accurate monitoring da-
414 ta from two of the South Sound sites
415 (Figure 1), leaving only one well-mon-
416 itored high-energy site, as well as the
417 low-energy North Sound site.
418 Because logistical constraints pre-
419 vented implementation of the project
420 during a time when fresh propagules
421 were available, propagules were collect-
422 ed from nearby beaches. The healthiest
423 propagules available were picked up,
424 and in order to control for potentially
425 reduced viability of propagules, a num-
426 ber of “direct plant” controls were set
427 along the side of the nursery to estimate
428 the natural (unmanipulated) mortality
429 of the seeds collected. These juvenile
430 mangroves were not transplanted and
431 were isolated from storm, wind and
432 wave action; thus, these controls pro-
433 vide a reasonable estimate of “baseline”
434 natural mortality rates.

435 Results
436 The propagules were monitored
437 four months after planting (February
438 2007), again in January 2008 to de-
439 termine the effectiveness of the nurs-
440 ery grow out technique, and finally in
441 June 2008 and December 2008 to
442 determine the effectiveness of the de-
443 ployments.
444 Approximately 91% of the cultiva-
445 tors had a successful germination rate
446 (after four months), and the total sur-
447 vival rate to the end of the nursery stage
448 was just over 87% (an annualized mor-
449 tality rate of only about 4%, excluding
450 the initial germination failures), indi-
451 cating that once initial germination
452 failures are overcome, survival is very
453 high. This compares favorably with the
454 annualized survival rate for our direct
455 plant controls of 74% (Figure 3). At
456 the time of transplantation, cultivators
457 had an average of 2.5 (±1) propagules,

458 and the mean number of prop roots on
459 the healthiest propagule of each planter
460was 1.1 (±1.3). The mean height of the
461 trees at this point was 38.5 (±9) cm,
462 and the mean thickness was 13.3
463 (±3.0) cm. We attempted to correlate
464 any of these factors to the planting
465depth of each cultivator in the nursery
466 to determine the optimal nursery
467depth, but all correlations (Barvais-
468Pearson with 95% confidence interval)
469were not statistically significant.
470Growth rate was also not significantly
471different between controls and cultiva-
472 tors while in the nursery (Figure 3).
473 After transplantation, the man-
474 groves were monitored again in June,
475before the onset of hurricane season.
476Mortality during the five months after
477 the Januarymonitoring, and before the
478onset of hurricane season, was 6%-7%
479 (annualized mortality of about 15%-
48017% for this five-month period)—a

481small increase over the baseline nursery
482ratewhichwas possibly related to trans-
483plantation stress. This impact could
484also be seen in growth rate, as the
485height of cultivator mangroves aver-
486aged 41.8 (±8.2) cm at this point, while
487direct planted control mangroves aver-
488aged 51.4 (±11.6) cm (P < 0.01, n = 51,
48915) (Figure 3).
490At the conclusion of the hurricane
491season, results varied dramatically by
492site. The South Sound (highly impact-
493ed) site took severe direct hits from two
494hurricanes and suffered mortality rates
495of 57%. Approximately 20% of these
496mortalities could be attributed towash-
497out of all soil from the cultivator, and a
498further 25%was due to complete buri-
499al of the cultivator. The cause of the
500remaining mortalities could not be de-
501termined; however, only about 2% of
502the cultivators came un-anchored and
503shifted position. The more protected

FIGURE 3

Survival (green) and growth (blue) of juvenile mangroves in North Sound (NS), South Sound (SS),
and the control group of direct planted mangroves (no armored cultivator) in the nursery. Growth
values are the average height of the tallest tree in each cultivator, measured from the top of the
cultivator (or from the sediment for controls). Error bars are 1σ. Survival rates are cumulative total
percent survival.
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504 North Sound site still suffered higher
505 mortality than the fully protected con-
506 trols (26% vs. 19%, P < 0.05, n = 119,
507 13), but mortality was significantly less
508 than that at the South Sound site (P <
509 0.001, n = 119, 49) (Figure 3). Of the
510 North Sound mortalities, 51% were
511 due to washout of all soil from the
512 cultivator, and less than 1% of the cul-
513 tivators came un-anchored. The cause
514 of the remaining mortalities is un-
515 known. Growth rates in the exposed
516 sites also suffered compared to direct
517 plant controls. Although the average
518 height of surviving trees between the
519 two experimental sites was similar
520 (51.5 cm in North Sound vs. 50.4
521 cm in South Sound), both of these
522 treatments were significantly shorter
523 than the controls (60.8 cm) (P <
524 0.01, n = 119, 49, 11) (Figure 3).

525 Discussion
526 The relatively low mortality of cul-
527 tivators in the nursery is not particu-
528 larly surprising. Given that mortality
529 rates in cultivators were lower than
530 that of direct planted controls, and
531 that both controls and cultivators
532 had almost no mortality from 4
533 months until 15 months, it seems safe
534 to assume that most of this initial mor-
535 tality is due to failed germination,
536 which could be reduced by timing
537 the planting phase to the availability
538 of fresh propagules. However, it is easy
539 enough to re-plant cultivators that fail
540 to germinate, so long as the cultivators
541 are monitored early enough for re-
542 plants to establish themselves before
543 transplantation.
544 We expected to observe an optimal
545 planting depth, with reductions in
546 growth and increased mortality for
547 cultivators positioned either deeper
548 or shallower than this depth. Howev-
549 er, no such trend was observed (Figure

5504). This may be because there were
551 insufficient replicates at the deepest
552 and shallowest areas of the nursery
553 to detect the trend, or it may be be-
554 cause the depth range in the nursery is
555 insufficient to elicit a reduction in
556 growth or survival. This is an unfor-
557 tunate consequence of attempting to
558 extract scientific data from a restora-
559 tion, in that budget restrictions tend to
560dictate that cultivators should not be
561planted at depths where anticipated
562 survival would be low. Although some
563of our post-transplant data (discussed
564 later) indicate that deeper planting
565depths have higher survival rates, the
566propagules do not appear to be partic-
567ularly sensitive to changes in nursery
568depth (within reason, of course). The
569 range of suitable nursery depths might
570be a topic for future research.
571 The hurricane season of 2008 was a
572 relatively busy one for the Cayman
573 Islands, which sustained nearly direct
574hits (eyewall less than 50 miles away)
575 from hurricanes Gustav and Paloma

576(categories 2 and 3, respectively), both
577of which battered the South Sound
578area particularly hard. The ability of
579transplanted mangroves, even in the
580most exposed location, to survive this
581level of storm energy so soon after
582transplantation is encouraging, al-
583though mortality rates above 50% at
584the most exposed site are higher than
585desirable. However, the cultivator it-
586self performed admirably, with less
587than 2% of the units dislodging, even
588at the more exposed site. At the South
589Sound site, the cultivators were de-
590ployed in clusters across the range of
591desired planting depths. In the cluster
592nearest to shore, which was placed in
593only about 3 cm of water at low tide
594(10 cm at high tide), many of the
595cultivators were covered with sand
596during the storms, which may have
597contributed to the 100% mortality ex-
598perienced by this cluster of 11 culti-
599vators, which, perhaps, needed to be
600planted further from shore (cultivators
601in deeper clusters at this site had 57%

FIGURE 4

Seedling height (after 15 months in nursery) as a function of nursery depth. No statistically
significant relationship exists in the data as shown, which may be because of the relative paucity of
data points at the depth extremes, or it may be because the range of planting depths is insufficient
to detect a trend.
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602 survival). No clearly observable trend
603 between depth and survival was evi-
604 dent in North Sound, but the range of
605 planting depths at that site was deeper
606 (10-20 cm at low tide).
607 As the mangroves grow and con-
608 tinue to establish their root mass, one
609 would expect their ability to resist
610 storm energy to increase further (al-
611 though their resistance would proba-
612 bly never significantly exceed that of a
613 fully developed natural community,
614 and thus, they would still be at risk
615 from a direct hit from a category 4 or 5
616 storm). It was hoped that the trans-
617 planted mangroves would have had
618 more time to establish a root network
619 before being hit by hurricane force
620 winds, which presumably would have
621 reduced or eliminated washout-related
622 mortality (50% of fatalities in North
623 Sound, 20% in South Sound). This
624 could perhaps be facilitated by trans-
625 planting in October or November,
626 right after hurricane season, to allow
627 the maximum time for stabilization.
628 Furthermore, as the mangroves
629 continue to grow, it is expected that
630 the cultivators will eventually break
631 down under the combined stresses
632 of the outward pressure of the man-
633 grove root ball and the slow degrada-
634 tion of the concrete by the seawater. A
635 biodegradable concrete (rather than
636 the reef strength concrete typically
637 used to make Reef Balls™, which has
638 a lifespan in seawater of 500+ years)
639 was used here because of the ultimate
640 goal of this specific restoration project
641 (no trace of human impact); however,
642 in areas with environments even more
643 severe than those tested here or where
644 slower growth rates are anticipated, a
645 stronger and/or heavier cultivator
646 could be used to give the cultivators
647 additional resistance.
648 One of the most difficult phases of
649 this project was the vast amount of

650manpower and logistics required to
651 carry the fully loaded cultivators into
652 and out of the nursery phase. Even
653with the assistance of the Cayman Is-
654 lands Department of Environment
655 and numerous “volunteers,” the 15-
656month-old mangroves proved quite a
657 challenge to move around (they
658weighed about 30-35 kg at that point),
659 and the additional logistical and finan-
660 cial expense associated with the nurs-
661 ery step is not always feasible. On
662 account of these restraints, we are
663now pilot testing a new armored cul-
664 tivator technique, which was designed
665 to bypass the nursery step (Figure 2).
666 Several modifications to the culti-
667 vator were made, including reducing
668 the size of the side holes, closing the
669 top, and facilitating the incorporation
670of a biodegradable (if available) or re-
671movable PVC wrack protection device
672 similar to that described by Riley and
673Selgado-Kent (1999), with a length-
674wise slit to facilitate removal after 3-
6755 years. A biodegradable plaster of Par-
676 is fertilizer disc was also incorporated
677 and was tested to have a lifespan of
678 approximately 12 months (Krumholz
679 et al., 2007, Krumholz, unpublished
680data) in lieu of the paint can bottom.
681This disc is more environmentally
682 friendly and can deliver a customized
683blend and concentration of fertilizer
684directly to the roots of the plant, min-
685 imizing washout and, thus, the poten-
686 tial risk of nutrient advection onto
687 sensitive nearby environments such
688 as coral reefs (e.g., Koop et al.,
6892001; Richmond, 1993). The assem-
690bly is held in place either by hammer-
691 ing a hollow 1.5-inch-diameter angle
692 cut iron pipe into the substrate and
693 then placing the fertilizer disc, cultiva-
694 tor, and wrack tube on top of the
695protruding anchor (the fit is accom-
696plished by casting a 1.5-inch hole into
697 the center of the fertilizer disc). The

698angle cut anchor forces a wide opening
699in the slit at the bottom of the PVC,
700securing the unit and allowing the
701roots access to the competition-free
702soil inside the cultivator (Figure 2).
703A propagule is then dropped into
704the top opening, and the system is
705theoretically self-sufficient, requiring
706no intervention except to remove
707the wrack protector after 3-5 years if
708a biodegradable alternative is not avail-
709able (or too expensive). This system
710has the additional benefit of being
711highly customizable. In addition to
712the modifications discussed above, this
713new system allows the user to adjust
714the height of wrack protection and the
715concentration of fertilizer based on the
716needs of the specific restoration.
717A pilot test of this new system is in
718progress, and it is expected that the
719washout will be eliminated and the
720mortality from flotsam reduced, thus
721providing higher survival rates. Results
722are still preliminary, but at this point,
723survival appears to be quite high, with
724growth and survival rates slightly high-
725er but statistically comparable to direct
726planted controls in a sheltered area
727(mean survival 86% vs. 82%, mean
728height 59 cm vs. 51 cm, n = 15).
729The main liability of this revision to
730the technique is that it is much more
731sensitive to the initial viability of the
732propagules, since only one propagule
733goes in each cultivator.
734The evolution of high-energy man-
735grove restoration techniques is certain-
736ly still awork inprogress, but it is a topic
737of critical management significance,
738given the manifold anthropogenic
739stressors on tropical systems such as
740mangroves and coral reefs (which are
741supported and protected by the man-
742groves). Byworking together with local
743stakeholders and interest groups to de-
744velop a wide range of pilot studies in
745different systems throughout Florida
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746 and the Caribbean, we hope that the
747 techniques associatedwith high-energy
748 restoration will continue to be refined,
749 with the ultimate goal of producing a
750 cost-effective turnkey restoration tech-
751 niquewhich canbeused inhigh-energy
752 areas where traditional techniques have
753 shown limited success.
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