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Abstract 26 

Shallow water seagrass meadows are frequently damaged by recreational and commercial 27 

vessels.  Severe injury occurs where propeller scarring, hull groundings and mooring anchors 28 

uproot entire plants, excavate sediments, and modify the biophysical properties of the substrate.  29 

In climax tropical seagrass communities dominated by Thalassia testudinum (turtlegrass), natural 30 

recovery in these disturbances can take several years to decades, and in some environmental 31 

conditions may not occur at all.  During the recovery period, important ecological services 32 

provided by seagrasses are absent or substantially diminished and injured meadows can degrade 33 

further in response to natural disturbances, e.g. strong currents and severe storms. To determine 34 

if we could accelerate rehabilitation and prevent further degradation of injured turtlegrass 35 

meadows, we evaluated a restoration method called “modified compressed succession” using the 36 
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fast-growing, opportunistic species Halodule wrightii to temporarily substitute ecological 37 

services for the slower-growing, climax species T. testudinum.  In three experiments we showed 38 

statistically significant increases in density and coverage rates of H. wrightii transplants fertilized 39 

by wild bird feces as compared to unfertilized treatments. In one experiment, we further 40 

demonstrated that regrading excavated injuries with sediment-filled biodegradable tubes in 41 

combination with wild bird fertilization and H. wrightii transplants also accelerated seagrass 42 

recovery.  Specific recommendations are presented for the best practical application of this 43 

restoration method in the calcium carbonate-based sediments of south Florida and the wider 44 

Caribbean region.     45 

 46 
Highlights 47 

• Sub-tropical and tropical climax seagrass species such as Thalassia testudinum recover 48 

slowly from physical sediment disturbance, and in some environmental conditions may 49 
not recover at all without restoration efforts. 50 

 51 

• The modified “compressed succession” restoration technique (i.e. planting a fast growing 52 
seagrass species such as Halodule wrightii) temporarily substitutes for the climax species 53 

and facilitates restoration of seagrass ecosystem services. 54 
 55 

• Experimental results using a novel method of wild bird fertilization and sediment re-56 

grading demonstrate the practical application for accelerating the recovery and restoration 57 

of slower growing seagrasses in severely disturbed, phosphorous limited sediment 58 

environments. 59 
 60 

Key words:  Halodule wrightii, Thalassia testudinum, seagrass disturbance, vessel injury, 61 
succession, recovery 62 
 63 
  64 

 65 

 66 

 67 
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1.  Introduction 68 

Worldwide, seagrass ecosystems flourish in shallow coastal environments with 69 

unconsolidated substrates (Hemminga & Duarte 2000; Green & Short 2003; Larkum et al. 2006).   70 

A large fraction of seagrass biomass, growth and asexual reproduction occur belowground 71 

(Kenworthy & Thayer 1984; Duarte & Chiscano 1999; di Carlo &Kenworthy 2007) where roots 72 

and rhizomes anchor the plants, stabilize sediments, absorb nutrients, and enrich the substrate 73 

with organic matter (Kenworthy et al. 2013; Borque et al. 2015).  Because unconsolidated 74 

sediments are essential for most seagrasses, gap-forming disturbances that physically disrupt the 75 

substrate can cause acute and chronic modification of seagrass landscapes (Patriquin 1975; 76 

Fonseca & Bell 1998), sometimes with negative consequences for ecosystem structure and 77 

function (Kenworthy et al. 2002; Whitfield et al. 2002; Uhrin et al. 2011; Fonseca 2011; Bourque 78 

et al. 2015). 79 

     Motor vessel propeller scars, hull groundings and anchor moorings create gap-forming 80 

injuries in seagrass meadows by excavating plants and sediments (Zieman 1976; Walker et al. 81 

1989; Durako et al. 1992; Hastings et al. 1995; Sargent et al. 1995; Dawes et al. 1997; Dunton & 82 

Schonberg 2002; Whitfield et al. 2002; Uhrin et al. 2011; Bourque & Fourqurean 2014).  83 

Surveys in Florida reported 70,000 hectares of seagrasses damaged by motor vessels (Sargent et 84 

al. 1995) and this problem persists in the Florida Keys where ≥300 vessels run aground in 85 

seagrass beds annually (Kirsch et al. 2005; Farrer 2010; Uhrin et al. 2011; Hallac et al. 2012).  86 

Whereas natural sediment disturbances from winds and tides cause gaps in seagrass beds that 87 

persist in a state of hydrodynamic equilibrium (Patriquin 1975; Marba et al. 1994; Fonseca & 88 

Bell 1998), vessel excavations often have steep, unstable margins that inhibit seagrass regrowth 89 

making them vulnerable to erosion and expansion (Kenworthy et al. 2002; Whitfield et al. 2002; 90 
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Uhrin et al. 2011).  Vessel excavations penetrating beneath the seagrass rhizome layer destroy 91 

clonal integrity, damage meristems and disrupt ecosystem structure and function (Tomlinson 92 

1974; Dawes et al. 1997; Kenworthy et al. 2002; di Carlo & Kenworthy 2007; Bourque & 93 

Fourqurean 2014; Bourque et al. 2015), while sediment berms formed adjacent to the injuries 94 

bury seagrass and interfere with regrowth (Fonseca et al. 2004).  Organic matter accumulated 95 

and sequestered in the sediments (Fourqurean et al. 2012) is reduced or exported from the 96 

meadow, leaving substrates coarser-textured, nutrient depleted and interrupts carbon 97 

sequestration (Dawes et al. 1997; Bourque & Fourqurean 2014).   98 

Decades of seagrass meadow succession and development can be reversed by a single 99 

vessel grounding (Whitfield et al. 2002).   In climax T. testudinum  meadows natural recovery is 100 

usually slow (>3-10 y), and some vessel excavations may not occur at all (Fonseca et al. 1987; 101 

Dawes et al. 1997; Kenworthy et al. 2002; Whitfield et al. 2002; Fonseca et al. 2004;  102 

Hammerstrom et al. 2007; Farrer 2010; Uhrin et al. 2011; Bourque et al. 2015).  In situations 103 

where the substrate has been severely disturbed, restoration may be necessary to rehabilitate the 104 

injuries and prevent further disturbance and degradation (Kirsch et al. 2005; Farrer 2010; 105 

Bourque & Fourqurean 2014). 106 

     Thalassia testudinum restoration presents difficult challenges (Fonseca et al. 1987; Lewis 107 

1987; Fonseca et al. 1998; Treat & Lewis 2006).  The deeply buried apical meristems essential 108 

for growth, reproduction and meadow expansion are present in low density and difficult to 109 

harvest and re-plant.  Acquiring sufficient planting stock and avoiding damage to donor beds is 110 

labor intensive and expensive (Fonseca et al. 1998; Lewis et al. 2006; Paling et al. 2009).  111 

Depending the site logistics and monitoring plans, seagrass restoration costs are high compared 112 

to terrestrial plant restoration (Fonseca 2006; Treat & Lewis 2006; Engeman et al. 2008; Paling 113 
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et al. 2009) and the likelihood of transplant success is demonstrably uncertain (Lewis et al. 2006; 114 

Paling et al. 2009; Fonseca 2011; van Katwik et al. 2015).  Where the goal of seagrass 115 

restoration is to re-establish slow growing T. testudinum meadows, valuable ecological services 116 

will be lost in the interim (Fonseca et al. 2000) and the injuries may further degrade (Whitfield et 117 

al 2002; Uhrin et al. 2011).  The costs in lost services and rehabilitation clearly demonstrate the 118 

need for developing practical, and reliable methods for restoration of T. testudinum meadows.   119 

      To determine if rehabilitation of tropical seagrass meadows could be accelerated, we 120 

tested a modification of a restoration approach referred to as “compressed succession” 121 

(Derrenbacker & Lewis 1983; Durako & Moffler 1984; Lewis 1987).   Compressed succession 122 

utilizes a fast-growing species, Halodule wrightii, to temporarily substitute ecological services 123 

during the relatively slower recovery period of the climax species T. testudinum.  We modified 124 

the original approach by using H. wrightii transplants in combination with fertilization and 125 

sediment re-grading to test whether we could accelerate natural succession.  Previous studies of 126 

seagrasses growing in phosphorous-limited, calcium carbonate sediments demonstrated that 127 

faster H. wrightii growth can be attained by adding phosphorus-rich excrement defecated by wild 128 

seabirds (Powell et al. 1989; Fourqurean et al. 1995, Herbert &Fourqurean 2008).  Seabirds 129 

encouraged to roost on stakes inserted in the sea floor act as a passive fertilizer delivery system 130 

(primarily phosphorous), favoring and stimulating faster growing H. wrightii.  Here, we report 131 

the results of three experiments evaluating whether seagrass recovery in climax T. testudinum 132 

meadows severely disturbed by propeller scarring and larger vessel excavations could be 133 

accelerated by application of modified compressed succession.   134 

     Initially we examined if fertilization by seabirds would increase survival and growth of 135 

H. wrightii transplants in unvegetated propeller scars.  In two additional experiments we 136 
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examined a combination of wild bird fertilization and topographical restoration.  We 137 

hypothesized that re-grading injuries with fine-grained sediments and leveling the topography 138 

would physically stabilize excavated injuries and provide a more favorable environment for 139 

faster H. wrightii recovery and eventually lead to the re-establishment of T. testudinum. 140 

2.  METHODS 141 

2.1 Study Site  142 

All three experiments were conducted in the Lignumvitae Key Submerged Land 143 

Management Area (LKSLMA) in the middle Florida Keys (24.91o N, 80.68o W) (Fig. 1).  144 

LKSLMA is comprised of extensive, shallow, calcium carbonate-based seagrass banks 145 

dominated by T. testudinum typical of south Florida, the tropical western Atlantic and the 146 

Caribbean region (Zieman 1982; Short et al. 1987).  Water depths were generally ≤ 1.5 m (mean 147 

high water) and the tidal range was approximately 1m. 148 

2.2 Study Plan 149 

  In Experiment 1 we evaluated the use of bird roosting stakes to fertilize H. wrightii 150 

transplants, and tested whether this fertilization technique accelerated rehabilitation of propeller 151 

scars.  Experiments 2 and 3 were designed to evaluate bird roosting stakes and H. wrightii 152 

transplants in combination with sediment regrading.   We examined recovery of propeller scars 153 

(Experiment 2) and a larger vessel excavation (Experiment 3) using a combination of wild bird 154 

fertilization, H. wrightii transplanting, and a method for re-grading excavations with sediment-155 

filled, biodegradable fabric tubes (hereafter referred to as Sediment Tubes 1). 156 

2.3 Restoration Techniques 157 

2.3.1 Bird roosting stakes  158 

                                                 
1 Patented by James F. Anderson, founder of Seagrass Recovery, 5858 Central Ave., St Petersburg, FL 33707 
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In Experiments 1, 2 and 3, PVC pipe stakes (1.25 cm dia.) capped with 10 cm x 10 cm x 159 

5 cm pressure-treated wooden blocks were designed to encourage seabirds, particularly 160 

cormorants (Phalacrocorax auritus) and terns (Sterna spp.), to perch and defecate phosphorus-161 

rich feces into the water and sediment (Powell et al.1989) (Fig. 2).  Control stakes (no fertilizer 162 

added) in Experiment 1 were fashioned by eliminating the wooden block and cutting the PVC 163 

pipe diagonally at the top to discourage roosting birds.  Stakes were inserted into the sediment 164 

until ≈ 0.25-0.5 m of each stake extended above the water surface at mean high tide.   165 

2.3.2 Sediment Tubes   166 

In Experiments 2 and 3, sediment tubes were used to regrade excavated seagrass beds. 167 

The tubes (1.0 – 1.5 m long, 15–20 cm dia.), filled with fine-grained calcium carbonate screening 168 

sand (0.63 – 0.85 mm dia.), were manually deployed into injuries from a shallow draft vessel 169 

(Fig. 3).  170 

2.3.3 Seagrass transplanting  171 

We followed the recommended procedures for seagrass bare root transplanting (Fonseca 172 

et al. 1998).  Halodule wrightii shoots with intact roots and rhizomes were collected from a 173 

meadow adjacent to Lignumvitae Key, rinsed free of sediment, assembled into planting units and 174 

planted the same day.  Planting units (hereafter referred to as PU or PUs) were constructed by 175 

attaching horizontal rhizomes and shoots to a 25 cm U-shaped metal staple using paper-coated 176 

wire twist ties.  Each PU had approximately 15-30 shoots and ≥ 5 rhizome apical meristems.  For 177 

installation of the PUs into sediment tubes, 5 to 10 cm slits were cut lengthwise into the top of 178 

the sediment tube fabric with a dive knife to create a space for inserting the PUs, and to allow 179 

horizontal rhizome growth while the fabric decomposed.  180 

2.4 Monitoring   181 
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Monitoring included initial assessments of PU survival within 30-80 days of planting 182 

(Experiments 1, 2, and 3), measurements of seagrass shoot density using either 0.01, 0.04, or 183 

0.625 m2 PVC quadrats, depending on density (Experiments 1, 2, and 3), and non-destructive 184 

visual estimates of cover (Experiments 2 and 3) in 0.25 m2 quadrats (Braun-Blanquet 1932; 185 

Fourqurean et al. 2001) (Table 1).  186 

2.5 Experimental Design 187 

2.5.1 Experiment 1: Bird stake fertilization in propeller scars   188 

Two 80 m long unvegetated propeller scars (Exp. 1; Sites 1 and 2;) (Fig. 1) were selected 189 

within T. testudinum meadows in the LKSLMA.  Maximum water depth over the scars was ≤ 1.5 190 

m, and vertical relief between the scar bottom and surrounding sediment was ≤ than 0.5 m.  In 191 

July 1994, 20 bird stakes were placed at 4 m intervals along each of the two scars. Ten stakes in 192 

each scar were randomly assigned roosting blocks (fertilizer treatments, F), and ten remained 193 

free of blocks (non-fertilized treatments, NF).  Five of ten roosting stakes (F) and five of ten non-194 

fertilized treatment stakes (NF) in each scar were randomly selected for H. wrightii transplants.  195 

Initially, none of the original transplants survived and the scars remained unvegetated at the 196 

same excavation depths, so we returned in April 1995, ten months later, and replanted the entire 197 

experiment using the original planting design with the exception that the site was pre-198 

conditioned with bird roosting stakes for 8 months.   199 

     Planting unit survival was surveyed in June 1995 and again in August 1995.  By May 200 

1996 many of the PUs had coalesced, making it impossible to identify individual PUs.  201 

Thereafter (May 1996 and January 1997), we measured the area covered by H. wrightii in each 202 

scar using a meter tape to delineate the area covered by seagrass in the scar and calculated the 203 

percentage of the entire original scar area occupied by H. wrightii.  We also counted the number 204 
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of shoots in 0.01m2 quadrats placed within 0.5 m on each side of the bird stakes and controls 205 

(two quadrats per stake) along the entire length of each scar.  To visually document seagrass re-206 

growth into the prop scars at a relatively larger scale, oblique aerial photographs of the sites were 207 

taken opportunistically from an aircraft in December 1996, December 1997, September 1998 and 208 

January 2000 (Supplementary Figure 1).   209 

      For statistical analyses, shoot counts were transformed (square root of ln + 0.5) and tested 210 

for normality and homogeneity of variance.  We used t-tests to examine whether fertilization 211 

affected seagrass shoot density at each individual site in May 1996 and January 1997.   212 

2.5.2 Experiment 2: Bird stakes and sediment re-grading in propeller scars  213 

Four locations in LKSLMA were selected (Exp. 2; Sites1, 2, 3 and 4; Fig. 1).  Within 214 

each location, four unvegetated propeller scars were chosen with dimensions 30-50 cm wide, 15-215 

20 cm deep and a minimum of 24 m long (16 scars total).  Individual scars were divided into 3 m 216 

sections and randomly assigned one of four treatments; 1) Control (a section of the scar devoid 217 

of any treatment); 2) Sediment Tubes (ST), in which a 3 m section of scar was filled with 2 218 

layers of 4 Sediment Tubes (2 wide and 2 long); 3) Bird stakes + PUs (BS + PUs), and 4) 219 

Sediment Tubes + bird stakes + PUs (ST +BS + PUs) for a total of 16 replicates for each 220 

treatment.  In treatments 3 and 4, bird stakes were placed in the center of the 3 m section, and H. 221 

wrightii PUs were planted at 50 cm and 100 cm intervals on each side of the bird stake inside the 222 

scar for a total of 4 PUs.  Treatment sections were interspersed by 3 m of untreated scar. 223 

     The experiment began in June 2001, and was monitored in September 2001, February 224 

2002, August 2002 and May 2003 for PU survival and Braun-Blanquet visual assessments of 225 

seagrass cover within the scar and in the adjacent seagrass bed.  The center 2.5 m section of each 226 

treatment was surveyed using five 50 cm x 35 cm modified Braun-Blanquet PVC quadrats 227 
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placed end to end to assess contiguous sections of the treatment.  Adjacent seagrass cover (ADJ) 228 

was assessed in 50 cm x 35 cm quadrats placed parallel to the scar treatments at a distance of 1 m 229 

into the undisturbed seagrass.  Two quadrats were assessed per treatment, one on each side, for a 230 

total of eight adjacent quadrats per scar.  Replicate quadrats were averaged to obtain one value 231 

for each treatment in each scar.  Quadrats in the adjacent undisturbed seagrass were treated in the 232 

same manner.  In May 2003 (approximately 2 years after deployment and the final sampling 233 

date) we counted the density of H. wrightii and T. testudinum shoots in each treatment.  All 234 

counts were standardized to shoots m-2 for comparison between treatments. 235 

     For statistical analyses, T. testudinum, H. wrightii and total seagrass Braun-Blanquet 236 

cover data from the final survey date, May 2003, were analyzed.  Kruskal-Wallis one-way 237 

ANOVA on ranks was conducted on cover data. Wilcoxon signed-ranks tests were used to 238 

conduct pairwise comparisons among treatments when the overall ANOVA was significant at the 239 

α = 0.05 level.  Halodule wrightii shoot counts were natural log transformed to meet 240 

assumptions of normality and variance homogeneity and treatments were compared using one-241 

way ANOVA and a Tukey’s studentized range test.  242 

2.5.3 Experiment 3: Bird stake fertilization and sediment re-grading in a larger vessel 243 

excavation   244 

This experiment was conducted in a large, eroded propeller scar (80 m long, 4.97 m wide 245 

and > 0.3 m deep) originally created in 1993 (Fig. 1).  Previous efforts to topographically restore 246 

the site in 1999 with “ballast rock” fill (3.0 cm dia. limestone rubble) halted erosion and 247 

prevented further expansion of the scar (McNeese et al. 2006).  However, the concurrent attempt 248 

to establish seagrasses by installing bird stakes and H. wrightii transplants into the ballast rock 249 

were unsuccessful and no natural recruitment of seagrass occurred.  Here we designed an 250 
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experiment to cap the ballast rock with finer-grained calcium carbonate sediment encapsulated in 251 

sediment tubes, transplant H. wrightii, and fertilize with a density of bird stakes comparable to 252 

the spacing used in Experiment 1.  Based on the results of Experiments 1 and 2, we hypothesized 253 

that the finer-grained sediments placed over the original rock fill along with the additional bird 254 

stakes would support H. wrightii transplants and initiate seagrass regrowth.  We also evaluated 255 

whether the thickness of the unconsolidated sediment layer would affect seagrass recovery. 256 

    The filled site was divided into thirty individual 3 m by 3 m rectangular plots.  Three 257 

treatments were randomly assigned to plots as follows: 1) Bird stakes plus H. wrightii PUs and a 258 

single layer of 40 sediment tubes (S) (n=10 plots); 2) Bird stakes plus H. wrightii PUs and a 259 

double layer of 80 sediment tubes (D) (n=10 plots); and 3) A control treatment that did not 260 

receive sediment tubes, additional bird stakes or seagrass PUs on the original rock fill (C) (n=10 261 

plots).      262 

Treatment plots had nine bird roosting stakes distributed on approximately 1.5 m centers.   263 

Four of the nine stakes remained from the first attempt to restore the site (McNeese et al. 2006). 264 

The five new stakes in each plot were constructed and installed as described previously to 265 

achieve the desired stake spacing and density.   266 

      In May 2003, 36 H. wrightii PUs were installed on 0.5 m centers in each sediment tube 267 

plot.  No PUs were installed into the 10 untreated plots because earlier attempts to establish PUs 268 

in the ballast rock failed.  The experiment was monitored approximately every 90 days until 269 

September 2005.  Seagrass PU survival was measured during the first monitoring event in 270 

September 2003, and missing PUs were replaced in October 2003.  Beginning in January 2004, 271 

each experimental plot (3m * 3m) was divided into four equal quadrants, each with four equally 272 

sized sub-plots.  Within each quadrant we randomly selected one sub-plot for placement of 273 
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0.25m2 Braun-Blanquet quadrats.  Seagrass and macroalgal cover were estimated in the quadrats, 274 

and species density was quantified by counting shoots in 0.01 m2 quadrats placed in a randomly 275 

located position within each of the four Braun-Blanquet quadrats. Thus, each plot had four sub-276 

samples for estimating cover and shoot density. Thickness of the unconsolidated sediments was 277 

determined at the four positions in each plot during the monitoring events by inserting a 278 

measuring stake into the sediment until it reached the ballast rock underneath.  In addition, the 279 

species composition and number of birds perching on the stakes was recorded at the beginning of 280 

each of three sampling events at 5, 8 and 12 months after the initial planting. 281 

      Data for H. wrightii cover and shoot density were analyzed for the sampling event in 282 

September 2005.  These data failed to meet the assumption of normality, so we tested for 283 

treatment effects using a Kruskal-Wallis one-way ANOVA on ranks (p = 0.05). For multiple 284 

comparisons we used Tukey’s test. 285 

     In October 2011 and 2014, approximately eight and 11 years after initiating the 286 

experiment, we returned to determine if T. testudinum was recolonizing the site. Since all the 287 

birdstakes were removed and we could not delineate the original plots, we did not use the 288 

original monitoring design. After locating the original four corner points, we divided the entire 289 

site into 100 equally sized tessellated hexagons in Arc GIS.  In the field, we navigated to the 290 

center point of each hexagon using a differential GPS (DGPS).  At each point seagrass cover was 291 

estimated  (Braun-Blanquet visual assessment) and seagrass shoot density was counted in a 0.01 292 

m2 quadrat placed in the center of each Braun-Blanquet quadrat.  Seagrass cover and shoot 293 

density were also assessed in 20 quadrats haphazardly located in the adjacent undisturbed 294 

seagrass bed surrounding the original restoration site.   295 

3. Results 296 
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3.1 Experiment 1; Bird Stake Fertilization in Propeller Scars   297 

In June 1995, 78 days after planting, PU survival at Site 1 was 75% in the 298 

fertilized/planted treatment and 55% in the non-fertilized/planted treatment.  At Site 2, PU 299 

survival was 96% in the fertilized/planted treatment and 85% in the non-fertilized/planted 300 

treatment.  In August 1995, 138 days after planting, survival at Site 1 was 68% for the fertilized 301 

PUs and only 18% for the non-fertilized PUs.  Survival at Site 2 was 85% and 81% for the 302 

fertilized and non-fertilized PUs, respectively.  By May 1996, 395 days since planting, many of 303 

the PUs had coalesced and spread along the length of the scar, regardless of treatment, and into 304 

unplanted areas, so it was impossible to record survival of individual transplants and determine 305 

whether the H. wrightii originated from the adjacent seagrass bed.   306 

     In May 1996 there were significantly greater numbers of H. wrightii shoots in the 307 

fertilized treatment compared to the non-fertilized treatment at both Site 1 (t = 3.1270, p = 308 

0.0029, df = 18) and Site 2 (t = 3.5837, p = 0.0024, df = 10) (Fig. 4).  There continued to be 309 

significantly greater numbers of H. wrightii shoots in the fertilized treatments compared to the 310 

unfertilized treatments at both sites in January 1997 (Site 1; t =2.9570, p = 0.0042, df = 18 and 311 

Site 2; t = 4.8589, p = 0.0001, df = 14) (Fig. 4).    312 

     In May 1996, when the H. wrightii transplants began coalescing and it wasn’t possible to 313 

distinguish cover between the original treatments, we measured the percent of each scar covered 314 

by seagrass.  Percent cover of H. wrightii in the scars at Sites 1 and 2 were 22 and 40%, 315 

respectively (Fig. 5).  By January 1997, 639 days since planting, H. wrightii cover in the scars 316 

increased to 43% at Site 1 and 56% at Site 2 (Fig. 5).  Halodule wrightii continued to grow and 317 

expand rapidly, colonizing unplanted portions of the scars, and by January 2000 the scar at Site 1 318 

had become completely covered with H. wrightii (Supplementary Fig. 1d). 319 
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3.2 Experiment 2: Bird Stakes and Sediment Regrading In Propeller Scars   320 

Thalassia testudinum cover increased steadily in all the treatments throughout the course 321 

of the monitoring period, but was still less than half of the ambient cover in the adjacent seagrass 322 

meadow after 700 days (Fig. 6a).  Halodule wrightii cover increased only in the treatments with 323 

both PUs and bird stakes, and reached an asymptote approximately 400 days after planting (Fig. 324 

6b).  We saw no H. wrightii recruitment or vegetative growth into the control or sediment tube 325 

treatments, not surprising given the very low abundance of H. wrightii in the adjacent, 326 

undisturbed bed at the start of the experiment. Total seagrass cover also increased over time, 327 

with the largest increase in treatments with H. wrightii PUs and bird stakes (Fig. 6c). 328 

     The ANOVAs revealed significant treatment effects on T. testudinum, H. wrightii, and 329 

total seagrass cover in May 2003 (p =0.0004, p < 0.0001, and p = 0.0018, respectively, Table 2).   330 

Pairwise comparisons for T. testudinum cover on the final survey date showed that the only 331 

significant differences were between the adjacent seagrass bed and the treatments inside the 332 

scars. There were no differences in T. testudinum cover among treatments.  In contrast, H. 333 

wrightii cover in ST+BS+PU and BS+PU treatments were similar, but cover in both of these 334 

treatments was significantly higher than the other two treatments (C and ST) and the adjacent 335 

seagrass beds (p < 0.0001) (Fig. 6c, Table 2).  By May 2003 total seagrass cover in both bird 336 

stake treatments with PUs had reached a level nearly equivalent to cover in the adjacent seagrass 337 

bed, primarily as a result of the growth of H. wrightii (p < 0.0018, Table 2, Fig. 6c). The BS+PU 338 

treatment was similar to both the ST+BS+PU treatment and the adjacent seagrass bed (A), which 339 

were significantly greater than sediment tubes alone (ST) and the controls (C).        340 

     Short-shoot counts of H. wrightii ranged from 4.0 m-2 in the adjacent seagrass bed to 341 

1130 m-2 in the ST+BS+PU treatment (Fig. 7).  One-way ANOVA for H. wrightii shoot density 342 
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revealed differences among treatments (p < 0.0001, Table 2).  Pairwise comparisons of the shoot 343 

density data revealed that the two bird stake treatments with PUs (ST+BS+PU and BS +PU) had 344 

significantly higher H. wrightii shoot densities than the other three treatments (ST, C, and A), 345 

which were not significantly different from each other (Fig. 7; Table 2).  346 

     The sediment tube fabric began to decompose within three months of deployment and we 347 

did not find any fabric during the May 2003 survey.  Despite this, most of the calcium carbonate 348 

sediment introduced in the tubes remained in the scars throughout the study, leveling the 349 

topography between the scars and the adjacent seagrass beds.     350 

3.3 Experiment 3: Bird stake fertilization and sediment regrading in a larger vessel 351 

excavation.    352 

At the first monitoring event in September 2003, H. wrightii PU survival was 26.2% in 353 

the single tube and 29% in the double tube treatments.  Based on this low survival, we replaced 354 

all of the missing PUs in both treatments in October 2003.  Following replanting, H. wrightii 355 

growth was rapid, and by January 2004 we could not distinguish individual PUs to estimate 356 

survival.  Halodule wrightii cover and shoot density in the plots without tubes remained low 357 

throughout the experiment, as they had in the prior attempt to restore the site (Fig. 8).  In the two 358 

sediment tube treatments, both H. wrightii shoot density and cover increased between January 359 

and May 2004, with cover values reaching their highest levels in both treatments in September 360 

2004 (Fig. 8a, b).  Shoot density reached the highest value in the double tube treatment in May 361 

2004, followed by a steady decline for both tube treatments until September 2005.  Shoot density 362 

ranged from 0 to 305 m-2 in the plots without sediment tubes and 1300 to 6800 shoots m-2 in the 363 

two tube treatments.      364 
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     Results in September 2005 revealed significant treatment effects on H. wrightii cover (p 365 

< 0.002) and shoot density (ANOVA on ranks, p< 0.001, Table 3).  Pairwise comparisons 366 

indicated there were no differences in cover and shoot density between the single and double 367 

layer tube treatments, but both were significantly higher than the untreated plots.  368 

     Total macroalgal cover was always higher in the plots without tubes than either of the 369 

sediment tube treatments (Fig. 8c, Table 3).  Between January 2004 and May 2004, macroalgal 370 

cover more than doubled in the sediment tubes coincidental with more than a quadrupling of H. 371 

wrightii density.  These high macroalgal cover values prompted concern for nutrient over-372 

enrichment, so in September 2004 we removed the five newest bird stakes installed in each 373 

sediment tube treatment, leaving only the original four stakes.  Thereafter, macroalgal cover 374 

fluctuated, and by September 2005 macroalgal cover was similar to the initial monitoring event 375 

in January 2004.   376 

        We returned to the site in May 2009, removed all the remaining bird stakes and observed 377 

very little T. testudinum at the site.  In October 2011 H. wrightii densities in the filled scar in 378 

decreased from ≈ 4000 shoots m-2 recorded in September 2005 to 840 shoots m-2 (Fig. 9). This 379 

decline continued, and by 2014 densities were slightly less than 193 shoots m-2.   In 2011  380 

T.  testudinum shoot densities were 96 m-2 and increased to 122 m-2 in 2014, or 33% of the 381 

density in the adjacent undisturbed seagrass bed (367 shoots m-2) (Fig. 9).   No H. wrightii was 382 

observed in the adjacent undisturbed T. testudinum meadow in either 2011 or 2014.        383 

      At all monitoring dates during Experiment 3 the stakes were occupied by terns (Sterna 384 

hirundo) and cormorants (Phalacrocorax auritus).  Total bird occupancy ranged between 17% 385 

and 69% of the stakes during the entire experiment.  Sediment depths changed very little.  In 386 
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April 2005 there was < 1.0 cm of sediment in the controls while 7.5 cm remained on the single 387 

layer of tubes, and 16 cm on the double layer.   388 

4. Discussion   389 

     The experiments demonstrated the feasibility of accelerating restoration of injured T. 390 

testudinum meadows by transplanting and fertilizing a fast-growing opportunistic seagrass, H. 391 

wrightii.  Initially, survival was poor in Experiments 1 and 3.   However, after replanting, H. 392 

wrightii grew rapidly and began expanding and coalescing in the disturbances.  Within one to 393 

two years, H. wrightii in fertilized treatments increased areal coverage and reached shoot 394 

densities similar to the highest densities reported in an earlier bird stake fertilization experiment 395 

(Fourqurean et al. 1995).  Compared to previously measured rates of T. testudinum recovery in 396 

untreated propeller scars (Kenworthy et al. 2002), the results of the present study indicate that H. 397 

wrightii growth in planted and fertilized treatments was three to five times faster and 398 

significantly accelerated seagrass recovery in the excavations. The rapid growth of H. wrightii in 399 

the fertilized treatments of all three experiments compressed the rate of succession in a sub-400 

tropical seagrass community and ensured the substitution of ecological services and physical 401 

stability during the slower pace of T. testudinum recovery.  Some T. testudinum recolonized the 402 

propeller scars in Experiment 2, but the total seagrass cover during the two year monitoring 403 

period was largely the result of high densities of transplanted H. wrightii responding to the 404 

fertilization.  After removal of the fertilizer treatment in Experiment 3, longer-term monitoring 405 

indicated that densities of H. wrightii declined and regrowth of T. testudinum, the injured and 406 

dominant species in the undisturbed adjacent meadow, was proceeding.   407 

     We tested the application of compressed succession in combination with topographic 408 

restoration in propeller scars in Experiment 2 and a much larger excavation in Experiment 3.  409 



18 
 

Normally, undisturbed T. testudinum meadows trap and stabilize fine-grained sediments and 410 

organic matter which provide unconsolidated substrate and nutrients required for the 411 

development and maintenance of a seagrass meadow (Zieman 1982; Williams 1990). This 412 

important physical-chemical process occurs very slowly in naturally developing T. testudinum 413 

beds (Zieman 1982), and even more slowly in meadows recovering from severe physical 414 

disturbance by vessel excavations (Kenworthy et al. 2002; Di Carlo & Kenworthy 2007; Uhrin et 415 

al. 2011; Bourque & Fourqurean 2014; Bourque et al. 2015).  The natural process of filling and 416 

regrading may be delayed for years or even decades, leaving the vessel injures exposed to further 417 

degradation from scouring and expansion (Williams 1988; Whitfield et al. 2002; Di Carlo & 418 

Kenworthy 2009; Uhrin et al. 2011).   Both Experiments 2 and 3 demonstrated that re-grading 419 

injuries with biodegradable fabric tubes filled with fine-grained calcium carbonate sediment 420 

provided a satisfactory physical substrate for the growth of both H. wrightii and T. testudinum 421 

(Figs 7, 8, and 9).  However, the results of Experiment 2 demonstrated that fertilizing with bird 422 

stakes and planting H. wrightii yielded the highest density and recovery rates of seagrass and it 423 

was evident that sediment tubes were not a necessary pre-requisite for recovery of relatively 424 

smaller propeller scars.    425 

In contrast, the larger excavation in Experiment 3 failed to recover after re-grading with 426 

ballast rock and installing bird stakes (McNeese et al 2006).  But, after capping the coarse-427 

textured ballast rock with sediment tubes, increasing bird stake density, and planting H. wrightii, 428 

seagrass recovery proceeded (Fig. 11).  Initial survival of transplants was low, but after 429 

replanting H. wrightii grew rapidly and increased cover and density on the both the single and 430 

double layers of tubes, while the ballast rock treatment supported primarily macroalgae.  431 

Removing all of the bird stakes from Experiment 3 in 2009 reduced the delivery of nutrients and 432 
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H. wrightii densities declined while T. testudinum started to recolonize. Removing the fertilizer 433 

treatment relaxed the compressed succession, but a reservoir of nutrients remained in the 434 

sediment (Herbert & Fourqurean 2008) that could be utilized by the slower-growing climax 435 

species during the longer recovery process (Fig. 11).   436 

5.  Summary and Recommendations 437 

    Initial recovery of vessel injuries in shallow water T. testudinum meadows was 438 

accelerated by transplanting a fast-growing pioneer species (H. wrightii) and fertilizing with bird 439 

roosting stakes.  This method of “modified compressed succession” passively delivers 440 

phosphorous, the limiting nutrient for seagrasses growing in carbonate sediments (Short et al. 441 

1985; Fourqurean et al. 1995), and will most likely succeed in environments where seagrasses 442 

are phosphorus limited. Our study was restricted to environments where it was scientifically 443 

demonstrated that carbonate sediments were the primary source of phosphorus limitation. 444 

However, this method could also be successful in locations where water column phosphorus 445 

concentrations are limiting seagrasses.  Future experimental studies should address the use of this 446 

method in locations where it is known that phosphorus availability in the water column is 447 

limiting seagrasses. The results of these studies would help to either broaden or constrain the 448 

scope of application for this restoration method.  449 

Our study also addressed sub-tropical seagrass recovery in different sized disturbances.  450 

Whereas relatively shallow and narrow propeller scars can be restored without filling (also see 451 

Hammerstrom et al. 2007), recovery of larger and deeper excavated disturbances is much slower 452 

and may never occur without sediment regrading (Whitfield et al. 2002; Uhrin et al. 2011).   We 453 

know from ecological studies (Zieman 1982) and prior restoration experiments (McNeese et al. 454 

2006, Hammerstrom et al. 2007) that the texture and thickness of unconsolidated sediments are 455 
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important for seagrass growth and the recovery of injured meadows.  For best results, particle 456 

size of the fill material should achieve a balance between a size large enough to resist erosion yet 457 

still be able to support seagrass growth and ecosystem structure and function (Bourque and 458 

Fourqurean 2014; Bourque et al. 2015).  Filling the lower portion of a deep excavation with 459 

coarse-textured material (e.g., McNeese et al. 2006) and capping the fill with finer-grained 460 

sediments encapsulated in biodegradable fabric tubes is a means of stabilizing larger and deeper 461 

injuries while retaining the fine-grained characteristics of the surface sediments.  Filling a 462 

disturbance will increase the cost of restoration (see supplemental Table 1), but it also provides a 463 

more optimum substrate for planting and fertilizing, as well as sediment stabilization.  These 464 

conditions will improve the likelihood of faster seagrass recovery while preventing further 465 

expansion of the disturbances, especially in high energy environments where disturbance gaps 466 

are more likely to erode and may never recover (Uhrin et al. 2011).  When installing sediment 467 

tubes we recommend waiting 3-5 months before planting seagrass to; 1) allow the fabric to 468 

deteriorate enough for the seagrass rhizome and roots to penetrate, and 2) allow nutrients to 469 

accumulate when using tubes in conjunction with bird stakes. In the short term (≤ 1 year) there 470 

may be some delays in recovery of sediment structure and function associated with topographic 471 

restoration (Bourque & Fourqurean 2014), but in the long-term, prevention of further 472 

deterioration and recovery of the seagrass will compensate for the delays.     473 

     The initial goal of modified compressed succession is to temporarily stimulate the 474 

opportunistic pioneer species, but restoration practitioners must be careful not to over-fertilize a 475 

site.  Excess phosphorous could create a sustained disturbance by stimulating an overabundance 476 

of H. wrightii and/or macroalgae and potentially slow T. testudinum recovery (Herbert & 477 

Fourqurean 2008). Our results indicate that these two over-fertilization responses can happen 478 
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relatively quickly, and suggest that the restoration sites should be frequently monitored to ensure 479 

detection of any detrimental response.  Results indicated that modified compressed succession 480 

can be attained in ≈ 12 to 18 months to gain the full benefit of the fertilizer after which time the 481 

bird stakes can be removed and recycled for use in other projects. Within this time frame, 482 

monitoring of the site should take place at a minimum of every three months to determine if the 483 

bird stakes should be removed. This step will relax the nutrient inputs, avoid the over-growth of 484 

macroalgae and allow for the slower-growing climax species T. testudinum to re-colonize the 485 

site and complete the succession. 486 
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TABLES 721 

Table 1.  Categorical values for Braun Blanquet visual assessment of seagrass and macroalgae 722 
cover. 723 

CATEGORY  VALUE COVER  DESCRIPTION 
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0 Species or taxa absent 

0.1 Species or taxa solitary, with small cover 
0.5 Species or taxa with few individuals and small cover 
1 Species or taxa with numerous but less than 5% cover 
2 Species or taxa with 5-25% cover 
3 Species or taxa with 25-50% cover 
4 Species or taxa with 50-75% cover 
5 Species or taxa with 75-100% taxa 

 724 

 725 

Table 2.  Statistical analysis of results for experiment 2 including both the main effects and the 726 

pairwise comparisons between the five treatments.  Treatments are; ADJ = adjacent seagrass bed, 727 

C = control, ST = sediment tubes, BS = bird stakes, PU = Planting Unit.  Significant treatment 728 

effects are indicated by different letters in the pairwise comparisons (p < 0.05). 729 

 730 

Main Effects Results Pairwise Comparisons 

Variable Test p-value 
ADJ C ST 

ST + BS + 
PU 

BS + PU 

T. testudinum Kruskal- Wallis 0.0004 A B B B B 

H. wrightii cover Kruskal-Wallis <0.0001 A A A B B 

Total seagrass Kruskal-Wallis 0.0018 A B B A A 
H. wrightii 

density count

ANOVA <0.0001 A A A B B 

 731 
 732 
 733 

 734 

 735 

 736 

 737 
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Table 3.  Statistical analysis of results for experiment 3 for the September 2005 sampling event 738 

including both the main effects and the pairwise comparisons between the three treatments.  739 

Treatments are; Control = no sediment tubes, Double = double layer of sediment tubes, and 740 

Single = single layer of sediment tubes.  Significant treatment effects are indicated by different 741 

letters in the pairwise comparisons (p < 0.05). 742 

  743 
 744 
 745 

Main Effects Results Pairwise Comparisons 

Variable Test p-value 
Control Double Single 

H. wrightii cover Kruskal-Wallis <0.002 A B B 

Macroalgae cover Kruskal-Wallis <0.001 A B B 
H. wrightii shoot Tukeys Test <0.001 A B B 

 746 
 747 
 748 

FIGURE LEGENDS 749 

Figure 1.  Map of Florida, USA, showing the location of the study area and the three 750 

experiments.  Experiment 1 was replicated at two sites and experiment 2 was replicated at four 751 

sites. 752 

Figure 2.  Diagrammatic illustration and dimensions of a bird roosting stake located in a 753 

propeller scar. 754 

Figure 3.  Photograph of sediment tubes being deployed into a propeller scar. 755 

Figure 4.  Results of Experiment 1 showing mean Halodule wrightii shoot density (± SE) at sites 756 

1 and 2 in fertilized and non-fertilized treatments on two sampling dates, May 1996 and January 757 

1997. 758 
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Figure 5.  Results of Experiment 1 showing the percent coverage of Halodule wrightii in each 759 

scar at sites 1 and 2 on two sampling dates, May 1996 and January 1997. 760 

Figure 6.  Results of experiment 2 showing mean (±SE) Braun Blanquet cover for Thalassia 761 

testudinum (A), Halodule wrightii (B) and total seagrass (C) for five treatments as a function of 762 

time (days).   Treatments are; A = adjacent seagrass bed, C = control, ST = bird stakes, 763 

ST+BS+PU = sediment tubes + bird stakes + Halodule wrightii planting units, and BS+ PU = 764 

bird stakes + Halodule wrightii planting units. 765 

Figure 7.  Halodule wrightii shoot density (± SE) for each treatment in May 2003.  The letters 766 

above the bars indicate significant differences in treatments. 767 

Figure 8.  Results of experiment 3 showing mean (±SE)  Braun Blanquet cover for Halodule 768 

wrightii cover (A), Halodule wrightii shoot density (B)  and total macroalgae (C) for three 769 

treatments as a function of time (days).   Treatments are control, single layer of sediment tubes 770 

and double layer of sediment tubes. 771 

Figure 9.    Shoot density (± SE) for Halodule wrightii and Thalassia testudinum in experiment 3 772 

in October 2011 and October 2014.  Data are for shoot densities of T. testudinum and H. wrightii 773 

in the filled scar and T. testudinum in the adjacent undisturbed seagrass bed.  There was no H. 774 

wrightii observed in the adjacent undisturbed seagrass bed.  775 

  776 
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FIGURES 777 
 778 
Figure 1 779 
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Figure 2 796 
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Figure 3 835 
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 837 
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Figure 6 931 
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Figure 7 977 
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Figure 8  1004 
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Figure 9 1050 
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Supplementary Table 1.  Estimates for the basic material costs in US $$ (2017) for seagrass 1085 
planting units, bird roosting stakes and sediment tubes.  Cost estimates do not include the cost of 1086 
project planning, mobilization, de-mobilization and monitoring. 1087 

ITEM COST 
1. Seagrass Planting Unit (staple, fabrication) $8.50 per planting unit 
2. Bird roosting stake materials (PVC, wood block, adhesive) $6.00 per stake 
3. Bird stake construction and installation $12.50 per stake 
4. Sediment tubes (fabric, construction, sediment fill, installation) 
5. Sediment fill (calcium carbonate pea rock) 

$22.00 per tube 
$35.00 per ton (m3) 
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Supplementary Figure 1.  Sequence of oblique aerial photographs taken in December 1996 (A), 1124 
December 1997 (B), September 1998 (C) and January 2000 (D) showing the expansion of 1125 
Halodule wrightii cover along the length of the propeller scar in site 1 of experiment 1.  Darker 1126 
shaded areas bracketed by arrows in the scar are H. wrightii.  Several other propeller scars can be 1127 
seen within the Thalassia testudinum meadow on the bank top. 1128 
 1129 
 1130 

 1131 12/96 12/97 

9/98 1/00 
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