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Abstract 23 

Meiospores of Laminariales macroalgae must select a benthic substratum suitable for their 24 

attachment and survival, but also suitable for the development of the sessile sporophyte stage which 25 

can grow metres in length. In a controlled four month experiment, meiospores of Saccharina latissima 26 

were allowed to settle and develop on twelve different polymer surfaces. Highest meiospore 27 

settlement was seen where the attachment force of the developing macroscopic sporophytes was 28 

weak (<0.3 N), leading to the eventual detachment of the juveniles before they can grow 100 mm. The 29 

sporophyte holdfast cover (%) was strongly related to the biomass achieved (R2=0.68) and negatively 30 

correlated to the water contact angle (θw) of the polymer (R2=0.45). Yet, meiospore settlement was 31 

positively correlated to θw
 (R2=0.24). The study shows that the selective settlement of the meiospore 32 

conflicts with the requirements of the macroscopic sporophyte to attach firmly. It is hypothesised that 33 

higher θw is used by kelp meiospores as a cue for recently disturbed environments, allowing gregarious 34 

settlement in areas with reduced interspecific competition. 35 

 36 

Keywords 37 

Saccharina latissima; sporophyte; meiospore; contact angle; polymer; macroalgae. 38 

 39 

1. Introduction 40 

The subtidal zone of temperate rocky shores is typically colonised by large leathery macroalgae of the 41 

order Laminariales [1]. These, have to survive in a highly turbulent environment where water velocities 42 

can often exceed two m·s-2 [2], comparable to a hurricane force wind of 130 miles·hr-1 [3]. The motile 43 

single-celled meiospores locate and settle on a suitable substratum, then germinate into microscopic 44 

dioecious gametophytes which inter-fertilise to produce a juvenile sporophyte attached to the 45 

substratum. The developing holdfast attaches using both a chemical adhesive [4, 5] and mechanical 46 

locking with the surface topography [6] to prevent their detachment and mortality. The selection of a 47 
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substratum suitable for both the microscopic and macroscopic phases is therefore essential for the 48 

successful completion of the lifecycle. 49 

 50 

The water contact angle (θw) is a measure of the wettability of a surface, mainly dictated by the surface 51 

free energy [7]. High free energy surfaces have an abundance of molecules, groups or atoms available 52 

to interact with another substance in contact. When a water droplet is placed on a high free energy 53 

surface, hydrogen bonds interact strongly with the surface molecules causing the droplet to flatten, 54 

wetting the surface. This hydrophilic interaction leads to a low θw. On surfaces with low free energy, 55 

little interaction occurs, and so the droplet surface tension is dominant, leading to a more spherical 56 

droplet, a high contact angle and a hydrophobic interaction. While wettability and surface free energy 57 

are generally closely related, the two terms are not strictly interchangeable [7] as surface free energy 58 

is calculated based on the interaction of a surface with a number of solvents, rather than just water.  59 

 60 

The motile phase of many marine species are known to undergo a selection process when they 61 

encounter a surface, allowing them to discriminate and show preferences based on the chemistry, 62 

roughness and biology of the surface [8]. Typically, such as with the model biofouling species of green 63 

macroalgae Ulva spp. Linnaeus, 1753, hydrophobic surfaces receive far higher settlement [9, 10]; 64 

possibly because it allows effective exclusion of water from the interface between the algal adhesive 65 

and the substratum [11]  Yet, despite hydrophobic surfaces receiving higher settlement, they are 66 

associated with weaker adhesion due to a low chemical interaction [10, 12]. Consequently, such 67 

hydrophobic surfaces with low free energy are often used to reduce marine biofouling [7, 8].  This 68 

pattern of settlement is not always seen, as some organisms settle preferentially on hydrophilic, show 69 

no preference or adhere most strongly to hydrophobic surfaces [10, 13-15]. 70 

 71 

Surface roughness/topography can also influence the settlement of marine species [16]. The 72 

settlement of Ulva spp. zoospores can be either increased or reduced through the creation of different 73 
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microenvironments using specific engineered microtopographies [17, 18]. The presence of other 74 

macroorganisms or a biofilm will also assist or hinder settlement  [19]. 75 

 76 

Once juveniles grow to a macroscopic size, their surface requirements change. Macroscopic roughness 77 

allows thigmotactic attachment [20] of the holdfast, which could potentially supersede the need for 78 

chemical compatibility between the bioadhesive and substratum through mechanical interlocking 79 

with surface features.  The integrity of the substratum itself can also be important [21]. Attachment 80 

to calcareous surfaces rather than rock has been shown to lead to weaker attachment in the Fucoids 81 

[22, 23], possibly due it being weakened by fracturing or partially dissolution. Similarly, macroalgal 82 

communities can be structured by the underlying rock type. Fucus vesiculosus Linnaeus, 1753, is more 83 

abundant on Baltic sandstone and limestone than crystalline bedrock [24, 25]. In New Zealand, Ulva 84 

lactuca Linnaeus, 1753, is found to favour sandstone over shale [26], while Ecklonia radiata (C.Agardh) 85 

J.Agardh 1848, from SW Australia attaches more strongly to granite and sandstone than structurally 86 

weaker limestone [27]. 87 

 88 

Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes, Druehl & G.W.Saunders, 2006, also known as sugar 89 

kelp, is a fast-growing North Atlantic Laminariales species, with economic value as an aquaculture 90 

crop.  Development of cultivation for S. latissima have been underway for a number of years, based 91 

on methods for the related species Saccharina japonica in China  [28]. Sugar kelp is now cultured 92 

commercially for food on both sides of the Atlantic. Large-scale cultivation for biofuel or chemical 93 

extraction through a biorefinery approach is a future possibility [29], however, the cultivation 94 

methods still need to be optimised, including the growth substratum [30]. 95 

 96 

It is known that the choice of substratum influences the settlement and development of many marine 97 

organisms [31]. Many different substrata are used for the cultivation of seaweeds around the world. 98 

Polypropylene (PP) and polyamide (PA) are customarily favoured for S. latissima [32-34] despite no 99 
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published evidence that they are the most suitable. It has been recently shown that large differences 100 

exist in the suitability of polymers for cultivation with medium density polyethylene (MDPE), polyvinyl 101 

chloride (PVC), polycarbonate (PC) and PA recommended as substrata,  despite a low initial settlement 102 

density of meiospores compared to other materials like PP [35]. 103 

 104 

1.1. Aim and hypotheses 105 

We will examine the physical characteristics of twelve different polymer blocks (water contact angle 106 

and roughness) in an attempt to explain the pattern of S. latissima meiospore settlement and 107 

sporophyte growth reported by Kerrison, et al. [35]. We will also determine the % cover of holdfast 108 

bioadhesive on the blocks and the growth characteristics and attachment strength of individual 109 

sporophytes after 4 mo. We hypothesise that similar to Ulva spp. zoospores, S. latissima meiospores 110 

will have high settlement on hydrophobic surfaces. We also hypothesise that the bioadhesive 111 

attachment of the developing sporophytes will be weaker on hydrophobic surfaces. If validated, it 112 

will represent a conflict of interest between the microscopic meiospore and macroscopic sporophyte 113 

life-stages. The potential use of the different polymers as cultivation substrates for S. latissima is 114 

beyond the scope of the present study and has already been discussed [35].  115 
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2. Materials and Methods 116 

2.1. Polymer block preparation 117 

Twelve polymers were examined: high density polyethylene (HDPE), polyamide (PA), polycarbonate 118 

(PC), polyethylene (MDPE), polyethylene terephthalate glycol (PETG), polymethyl methacrylate 119 

(PMA), polyoxymethylene co-polymer (POM-C), polyoxymethylene homopolymer (POM-H), 120 

polypropylene carbonate (PPC), polytetrafluoroethylene (PTFE), polyvinylchloride (PVC) and a phenol 121 

formaldehyde resin (Tufnol®). Sheet plastic of each polymer was first cut into similar sized blocks 122 

(10x50x7.5–10mm).  One of the cut surfaces was then milled using a vertical face mill, to try to achieve 123 

a similar mean surface roughness on all blocks (µm scale) to allow comparison of meiospores 124 

settlement and sporophyte attachment force. Three polymers (PETG, PC and Tufnol®) could not be 125 

milled successfully as they became chipped due to their high rigidity. These were instead ground using 126 

a static belt sander down to 3000 grit (6 µm mean particle size). A razor blade was used to remove 127 

any corner burs. The blocks were cleaned thorough with 5% Decon90 detergent (Decon Laboratories 128 

Ltd, UK) and a soft PA bristled brush. These were then soaked for 24 h in frequently changed distilled 129 

water and dried at 35°C.  130 

 131 

2.2. Polymer block characterisation 132 

The static water contact angle (θw) was measured on the machined surface of cleaned blocks using 133 

the method of Callow et al. [9]. Duplicate 20 µL standing droplets of ultra-high purity water were 134 

immediately photographed on triplicate blocks (n=3). These were analysed using ImageJ v 1.45s 135 

(National Institutes of Health, USA) and the DropSnake plugin [36]. Another set of cleaned blocks, 136 

were gold-splutter coated with a Polaron SC7620 (Quorum Technologies Ltd, UK) fitted with a 137 

gold/palladium disk, before measurement of θw. The gold-coated blocks will have identical surface 138 

chemistry and so any variation in contact angle will be due to the surface roughness of the polymer 139 

blocks only. The difference between the contact angle of the gold-coated block contact angle and pure 140 

gold (70˚) was then calculated (Δ θw). 141 
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 142 

The surface profile of each gold-coated polymer block type was measured using an optical surface 143 

profiler (NT1100, Wyko, Vecco, USA) operating in vertical scanning interferometry mode. Triplicate 144 

600x450 µm areas were examined at 10x magnification on one block of each polymer except Tufnol®, 145 

where triplicate 90x121 µm areas were examined at 50x, due to unacceptably high granularity at 10x. 146 

For each area, the mean roughness (Ra), the root mean squares roughness (Rt) and peak-to-valley 147 

distance (Rq) was calculated. To remove noise, pixels >5σ from Rq were excluded.  148 

 149 

2.3. Saccharina latissima settlement and growth  150 

A separate set of polymer blocks were used to examine the settlement and growth characteristics of 151 

S. latissima [35]. Briefly, meiospores of S. latissima were extracted from fertile sporangial tissue from 152 

five individuals collected from Seil Sound, UK (56.31724°N, -5.58309°W), using the method of Kerrison 153 

et al. [37]. Meiospores were released through immersion in 8.5°C F/2 medium without silicate (F/2-154 

Si), in the dark for 1 h with agitation every 15 min. The resultant suspension was then passed through 155 

a 50 µm filter. 100,000 meiospores were settled into 48 basins, each containing four identical polymer 156 

blocks, 300 mL F/2-Si and 0.125mL·L-1 germanium dioxide at 8.5°C in the dark for 48 h (12 polymers x 157 

4 basins x 4 pseudoreplicate blocks) [37]. After this settlement period, meiospore settlement density 158 

was determined by destructively sampling one block from each basin (n=4) using epifluorescent 159 

microscopy.  Meiospores were identified through chlorophyll a autofluorescence with a Axioskop 2 160 

microscope combined with a UV light source and filter set 9 (Zeiss, Germany). The media was 161 

refreshed and the basins were transferred to a 12:12 light/dark cycle at 15-25 µmol·m-2·s-1 from a cool 162 

white fluorescent bulb for a week. For seven further weeks the blocks were moved to new basins 163 

containing fresh F/2-Si, without germanium dioxide and with light increased to 30-50 µmol·m-2·s-1.  164 

 165 

After 5 weeks, a single block from each basin was destructively sampled as described in a separate 166 

study [35]. After eight weeks, all surfaces of the polymer blocks, excluding the top, were wiped clean 167 
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with tissue. At this stage, due to destructive sampling, eight polymer blocks were present for each 168 

polymer (4 basins x 2 pseudoreplicate blocks). These were randomly attached, with even spacing, onto 169 

PC sheeting submerged in four outdoor tanks (2.6x0.6x0.5 m) receiving a constant flow of sand-filtered 170 

seawater.    After a further eight weeks, the experiment was ended. During analysis the eight polymer 171 

blocks were treated as true replicates as no tank effect was noticeable (p>0.05). 172 

 173 

The three largest sporophytes found anywhere on each block (n=8) were selected for morphological 174 

analysis. The characteristics examined were: frond length and width, stipe length, diameter of the 175 

basal holdfast, the length of adventurous hapterae and frond length and width of any other 176 

sporophytes with coalesced holdfasts. These were used to estimate the frond area (length*width/2) 177 

and the holdfast area (πr2).  The attachment force of these three individuals was also measured using 178 

a digital force gauge (FK 25, Sauter, Germany). A rubber-coated clip was attached to the base of the 179 

frond, and pulled perpendicular to the block surface until either the sporophyte was detached or the 180 

alga broke. This was only possible where the individuals were > 20 mm. Afterwards, scissors were then 181 

used to carefully remove all remaining sporophytes at the base of the stipe, leaving the holdfast 182 

attached. The blocks were then preserved in 1% neutral Lugol’s iodine solution for four wk. Each block 183 

was then gentled abraded using a PA bristled brush to remove the softened tissue, leaving the rigid 184 

attachment holdfast bioadhesive intact on the block surface. The surface of all blocks was then 185 

photographed and the holdfast cover determined using Image J software v1.46r. 186 

 187 

2.4. Statistics 188 

Comparisons between the physical (θw, Δθw, Ra, Rt and Rq) and some biological characteristics 189 

(holdfast cover and attachment force) were made using analysis of variance (ANOVA), or the Mann 190 

Whitney U test (MW) where parametric conditions were not satisfied. Multiple regression (MR), 191 

linear regression (LR) and Pearson’s correlation (PC) was used to explore relationships between the 192 

measured variables. The relationship between polymers was visualised with a principal components 193 

analysis (PCA) on the characteristics of individual sporophytes (attachment force and growth 194 

parameters) using MVSP v3.11c (Kovach Computing Services, UK).  The values were natural log 195 

transformed before analysis, and then two axes were extracted using Kaiser’s rule and an accuracy 196 

of 10-8.  197 
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3. Results 198 

3.1. Polymer surface characteristics 199 

The contact angle was significantly different between polymers (MW: H11=49.6, p<0.0001). These 200 

ranged from 58.1° in Tufnol® to 104.5° in PPC, with most polymers around 70–80° (Table 1). Ra also 201 

varied substantially between polymers (MW: H11=32.4, p<0.001), with the lowest values of 0.25–0.51 202 

µm found in PMA, POM-C and POM-H. The roughest polymers were HDPE (2.8 ± 1.5 µm) and Tufnol® 203 

(3.3 ± 0.9 µm). Rq was ~30% higher than Ra in all polymers.  204 

 205 

a) HDPE b) PA 

 

 
-5                           0                           5   
                              (µm) 

 

 
-3.5                        0                           3.5   
                            (µm) 

c) PETG d) Tufnol® 

 
-8                            0                           8   
                              (µm) 

 

 
-15                         0                           15   
                              (µm) 

Fig. 1. Optical surface profile image of four different polymer blocks produced by vertical scanning 206 

inferometry. Peaks (red) and troughs (dark blue) in the surface profile are shown. (a) HDPE and (b) PA 207 

are milled surfaces displaying a waved surface of peaks and troughs, with either a long or short 208 

wavelength, respectively. Both (c) PETG and (b) Tufnol® are ground surfaces, and so lacking the waved 209 

appearance. The granularity of Tufnol®, meant that it had to examined at a higher magnification (50x) 210 

than all others (10x). images a-c) are 600x450 µm, d) is 90x121 µm. 211 

 212 
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All the milled blocks showed a distinct wave pattern due to the milling process (Figure 1). These waves 213 

set Rt at 3–5 µm in PMA and POM-C and as high as 20–21 µm in PVC andHDPE (Table 1), with a 214 

significant difference between them (MW: H8=22.3, p<0.005). The ground materials (PETG, PC and 215 

PPC) had very irregular surface profiles (Figure 1). Gold coating significantly altered the contact angle 216 

on most of the polymers (Supplementary Figure A.1), decreasing the range of measurements recorded 217 

from 58–105° (79 ± 15) on the uncoated, to 77–107° (86 ± 9) on the gold coated blocks. The Δ contact 218 

angle between pure gold (70°) and the coated blocks was significantly regressed against the three 219 

roughness measurements. The strongest relationship was found to the peak-to-valley distance 220 

roughness parameter (LR: R2=0.72; Supplementary Figure A.2), indicating a strong relationship 221 

between peak-to-valley distance and Δ contact angle.  222 

 223 

Table 1. Surface characteristics of twelve different polymer blocks (ca. 10x10x50mm) used as growth 224 

substrata for Saccharina latissima. Shown is the mean ± standard deviation. Mean roughness, root 225 

mean squares roughness and peak-to-valley distance were measured on triplicate areas of a single 226 

block. Contact angle was averaged from two duplicate measurements on triplicate blocks. 227 

Polymer Contact 

angle (°) 

Mean roughness  

(Ra, µm) 

Root mean squares 

roughness (Rq, µm) 

Peak-to-valley 

distance (Rt µm) 

Surface 

treatment 

PA 58.7 ± 4.7 0.91 ± 0.26 1.12 ± 0.32 10 ± 2 Milled 

PC 73.0 ± 4.2 0.39 ± 0.15 0.56 ± 0.31 8 ± 6 Ground 

HDPE 91.1 ± 3.9 2.80 ± 1.52 3.27 ± 1.50 21 ± 9 Milled 

MDPE 75.7 ± 4.7 0.55 ± 0.08 0.71 ± 0.10 7 ± 1 Milled 

PETG 77.9 ± 5.4 1.12 ± 0.38 1.47 ± 0.47 15 ± 4 Ground 

PMA 79.6 ± 8.3 0.25 ± 0.02 0.33 ± 0.04 3 ± 0 Milled 

POM-C 70.1 ± 4.3 0.37 ± 0.06 0.48 ± 0.09 5 ± 1 Milled 

POM-H 67.2 ± 4.6 0.51 ± 0.04 0.66 ± 0.06 7 ± 0 Milled 
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PPC 104.5 ± 4.9 0.72 ± 0.06 0.95 ± 0.06 9 ± 1 Milled 

PTFE 103.5 ± 2.8 1.09 ± 0.50 1.51 ± 0.90 14 ± 12 Milled 

PVC 87.3 ± 4.6 1.59 ± 0.03 2.02 ± 0.04 20 ± 1 Milled 

Tufnol® 58.1 ± 4.5 3.29 ± 0.87 4.19 ± 0.69 29 ± 2 Ground  

 228 

 229 

3.2. Surface characteristics and meiospore settlement 230 

A significant positive relationship was found between the polymer contact angle and meiospore 231 

settlement density (MR: T4,43=2.36, p<0.05; Figure 2a) indicating higher settlement at high contact 232 

angles. The variation in roughness between polymers did not have a significant effect on settlement 233 

(p>0.05).  234 

 235 
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Fig. 2. Relationship between the mean contact angle on twelve different polymer blocks (n=3) and (a) 236 

Saccharina latissima meiospore settlement (n=4) and (b) holdfast cover after four months of growth 237 

on nine polymer blocks (n=8). Shown is mean ± standard deviation (grey circle and bar). The significant 238 

trend (solid line) is shown with ± 95% confidence interval (dotted lines). Solid dots are blocks excluded 239 

from the analysis (POM-C/H and PMA). 240 

 241 

PA PC HDPE MDPE PETG PMA PPC PVC Tufnol® 

         
 242 

Fig. 3. Holdfast bioadhesive coverage (brown marks) on polymer blocks (ca. 10x10x50 mm) following 243 

removal of four mo old Saccharina latissima sporophytes. All blocks, excluding Tufnol®, were initially 244 

white or clear. The variable colouration is due to Lugol’s iodine preservation. On PA and Tufnol®, the 245 

bioadhesive marks appear lighter, due to the use of flash photography, and are mainly congregated 246 

at the edges as on the other polymers. Cross-hatching visible on PETG, PMA and PC is a roughened 247 

area on the underside of the block. POM-C/H and PTFE were nearly absent of bioadhesive and so are 248 

not shown. 249 
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 250 

3.3. Surface characteristics and holdfast cover  251 

At the end of the experiment, holdfast cover varied substantially between the different materials 252 

(MW: H11=72.3, p<0.0001); from <0.5% on POM-C/H, PMA and PTFE to 14.1–18.5% on PVC, PC and 253 

MDPE (Figure 3). As expected, holdfast cover was significant related to the final biomass on the block 254 

(LR: F1,10=20.9, p<0.001), with higher S. latissima biomass on blocks where higher holdfast coverage 255 

was achieved (Figure 4,5). The holdfast cover was strongly negatively related to contact angle (LR: 256 

F1,7=6.5, p<0.05; Figure 2b) and positively to Ra (LR: 1,7=2.6, p<0.05). The three lowest coverage 257 

materials, POM-C/H and PMA, were excluded from the analysis as the gentle abrasion dislodged some 258 

of the bioadhesive and so holdfast cover is underestimated. There was a clear edge effect, with more 259 

bioadhesive deposited towards the edge of the blocks, composed of aggregations from multiple 260 

individual sporophytes (supplementary Figure A.3). 261 

3.4. Attachment force  262 

The attachment force of S. latissima sporophytes, was significantly different between materials (AN: 263 

F11,36=9.7, p<0.0001; Table 2). Attachment was strongest on MDPE (0.46 ± 0.04 N) and PPC (0.47 ± 0.15 264 

N). Weaker attachment was found on Tufnol®, PC and PETG (0.38–0.42 N) although these were not 265 

significantly different to MDPE and PPC (p<0.05). Significantly weaker attachment (post-hoc Fisher’s: 266 

p<0.05) were found on PVC, PA and HDPE (0.27–0.31 N). The weakest attachment of 0.13–0.18 N was 267 

seen on PMA, POM-C, POM-H and PTFE (post-hoc Fisher’s: p<0.05), where holdfast cover was also 268 

very low. 269 

 270 
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Fig. 4. A strong correlation (R2= 0.68) was found between the final biomass of 4 mo old Saccharina 271 

latissima (n=8) and the holdfast cover on 12 different polymer blocks (n=8).  Shown is mean ± standard 272 

deviation (grey circle and bar). The significant trend (solid line) is shown with ± 95% confidence interval 273 

(dotted lines). 274 

 275 

Attachment force was significantly correlated to all three final measurements reported by Kerrison et 276 

al. [35]: cover (PC: R2=0.73, n=22, p<0.005), fresh weight biomass (PC: R2=0.61, n=22, p<0.005) and 277 

mean maximum size (PC: R2=0.71; n=22, p<0.005; Figure 6).  The attachment force of individual 278 

sporophytes was not directly explainable by either surface chemistry parameters or holdfast 279 

parameters such as the disc area, hapterae length, or the presence of holdfast bundles (p>0.05; Table 280 

2). The only significant predictor of attachment force was frond length (MR: F11=5.4 p<0.05) with large 281 

fronds having higher attachment force. The holdfast disc area (MR: p<0.005), frond width (MR: 282 

F11=46.9, p<0.0001) and stipe length (MR: F11=5.4 p<0.05) all increased with frond length but were not 283 

related to the polymer contact angle (p>0.05).  284 

 285 
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PA PC HDPE MDPE 
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Fig. 5. Photograph of median growth response (n=8) of 4 mo old Saccharina latissima grown on 12 289 

different polymer blocks. (ca. 10x10x50 mm). 290 

 291 

 292 
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  293 
 294 

Fig. 6. Relationship between attachment force (n=4-24) and size (n=8) in 4 mo old Saccharina latissima 295 

grown on 12 different polymer blocks. Shown is mean ± standard deviation (grey circle and bar). The 296 

significant trend (solid line) is shown with ± 95% confidence interval (dotted lines). 297 

 298 

 299 

Fig 7. Principal Component Analysis (PCA) of Saccharina latissima growth parameters after 4 mo 300 

growth on 12 different polymer blocks (grey circles). Vectors are 1. hapterae length, 2. frond bundle 301 

area, 3. attachment disk area, 4. frond area, 5. stipe length and  6. attachment force. 302 

 303 

3.5. Principal Components Analysis 304 
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PCA axis one and two explained 86% of the variation (Figure 7). Axis one was positively correlated to 305 

the stipe length (R2=0.17), attachment disc area (R2=0.17), hapterae length (R2=0.40), frond area 306 

(R2=0.42) and frond bundle area (R2=0.67). Axis two was positively correlated with hapterae length 307 

(R2=0.42) and negatively with the attachment force (R2=0.79), stipe length (R2=0.33), and frond area 308 

(R2=0.29). 309 

 310 

The MDPE, PA and PPC polymer blocks all achieved very high final biomass and so were positively 311 

associated with many of the growth parameters, including larger frond area, stipe, attachment disk 312 

and hapterae. Conversely, POM-H, PTFE, HDPE and PMA were grouped separately, since individual 313 

thalli were smaller and had correspondingly low attachment forces (Table 2). Tufnol®, PETG, PC, PVC 314 

and PPC form a loose grouping associated with moderate response of many growth parameters and 315 

attachment force. POM-C appears as a separate outlier, due to the large attachment disk and hapterae 316 

of the individuals tested from this polymer, combined with moderate response of many other growth 317 

parameters and a weak attachment force (Table 2). 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 
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Table 2. Characteristics of Saccharina latissima sporophytes after 4 mo growth on 12 polymer blocks. 331 

Shown is mean ± standard deviation. 332 

Polymer Frond 

length (mm) 

Frond 

width 

(mm) 

Stipe 

length 

(mm) 

Attachment 

disc area 

(mm2) 

Hapterae 

length 

(mm) 

Attachment 

force (N) 

n 

PA 148 ± 44 21 ± 6 3.1 ± 1.4 7.1 ± 8.0 9.5 ± 11.1 0.30 ± 0.19 24 

PC 121 ± 29 16 ± 5 2.5 ± 1.1 2.9 ± 3.2 4.9 ± 7.7 0.39 ± 0.19 23 

HDPE 83 ± 21 13 ± 5 2.1 ± 0.8 2.7 ± 2.2 8.6 ± 18.7 0.27 ± 0.11 18 

MDPE 160 ± 38 22 ± 5 4.4 ± 2.1 4.3 ± 3.2 5.2 ± 8.4 0.46 ± 0.24 24 

PETG 101 ± 21 14 ± 5 2.8 ± 1.2 2.5 ± 2.3 3.9 ± 7.7 0.37 ± 0.18 23 

PMA 81 ± 34 15 ± 17 1.8 ± 0.5 2.1 ± 1.4 4.5 ± 5.7 0.21 ± 0.16 12 

POM-C 113 ± 41 19 ± 10 2.5 ± 0.9 5.0 ± 5.3 14.6 ± 9.5 0.16 ± 0.08 12 

POM-H 64 ± 29 11 ± 5 1.5 ± 0.7 1.5 ± 1.0 0.3 ± 0.5 0.10 ± 0.07 4 

PPC 122 ± 13 16 ± 5 2.9 ± 1.1 3.9 ± 2.4 4.7 ± 7.6 0.45 ± 0.31 19 

PTFE 78 ± 33 12 ± 4 4.2 ± 1.8 2.2 ± 1.8 5.6 ± 8.1 0.19 ± 0.10 6 

PVC 136 ± 37 16 ± 6 3.4 ± 1.1 3.1 ± 2.0 6.0 ± 6.7 0.33 ± 0.15 17 

Tufnol® 87 ± 35 13 ± 5 2.6 ± 1.7 0.9 ± 1.5 0.1 ± 0.2 0.43 ± 0.16 21 

  333 
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4. Discussion 334 

Selection of an appropriate growth surface is of vital importance to the successful development of 335 

sedentary organisms. Kelp meiospores exhibit taxis in relation to environmental gradients such as 336 

nutrients, potentially allowing them to locate an appropriate microenvironment for their continued 337 

development. [38-40]. This is associated with straight path swimming behaviour [41]. If a suitable 338 

microenvironment is located, search circle and orientation behaviours  are then be used to assess 339 

whether the available surface has suitable characteristics for the development of the sedentary stage 340 

[41]. Meiospores of both S. latissima and L. digitata have been shown to display discriminatory 341 

settlement between polymers [35]. Such settlement  may follow a similar process to that described in 342 

zoospores of the green macroalgae Ulva spp. [42], in which an initial reversible settlement is used to 343 

assess whether the surface is appropriate through gyration behaviour [41], before the flagella is 344 

retracted and bioadhesive is secreted to anchor them in place [11, 43]. 345 

 346 

4.1. Meiospore settlement is greater at high θw  347 

Several surface characteristics are known to be important in the substratum selection process. These 348 

include the surface wettability/ contact angle, microscopic topography and the presence of other 349 

organisms/ biofilm [7]. In the present study it was found that meiospores of S. latissima display the 350 

same response pattern as the model biofouling macroalga Ulva spp. to surface contact angle, similar 351 

to many marine species [8]. In Ulva spp., hydrophobic surfaces with θw >90° receive higher settlement 352 

and the swimming zoospores tend to congregated above them [9] indicating a clear preference over 353 

hydrophilic with θw <90°. This is precisely the pattern hypothesised and observed in S. latissima 354 

meiospores with almost twice the settlement seen on θw 105° than 60°. It may be the case that the 355 

hydrophobic surface helps to exclude water from the interface between the settling organism and the 356 

substratum, thereby aiding adhesive contact [11]. Additionally, it may be hypothesised that this 357 

attraction may make it harder for meiospores to escape the surface, thereby forcing increased 358 

settlement. Regardless, the general trend was overshadowed by large variation between polymers 359 
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with very similar contact angles. For example, there was a two–three fold difference in the settlement 360 

on PPC and PTFE at θw 104–105°. These results suggest that some other physicochemical aspect of the 361 

polymer is being assessed in tandem, leading to either enhanced or reduced settlement on polymers 362 

with similar θw. 363 

 364 

4.2. Surface roughness: no effect on settlement and weak effect on holdfast cover 365 

The roughness of the polymer blocks varied due to differences in their machinability; some were easily 366 

milled till smooth to the naked eye (eg PMA, POM-C/H), in others the surface pulled, causing large 367 

waves on the surface  (HDPE, PVC) while three had to be ground, causing an irregular topography (PC, 368 

PETG and Tufnol®). These observed differences in roughness impacted on the gold coated θw and so 369 

will have created some inaccuracy in the θw measurement of the uncoated polymers, particularly on 370 

the roughest materials (Tufnol®, PVC and HDPE). This may explain some of the scatter in the 371 

correlation between contact angle and meiospore settlement and highlights that even small 372 

topographical features can substantially impact on measured θw. 373 

 374 

Surface roughness is known to impact the settlement of many macroalgal propagules [8, 16]. Ulva 375 

spp., zoospores have been found to associate with particular surface features, making it possible to 376 

either enhance or reduce settlement using engineered microtopographies [18, 44, 45]. No evidence 377 

was found that µm scale roughness influenced the settlement behaviour of S. latissima meiospores in 378 

the present study, similar to reported in Kerrison et al. [37]. 379 

 380 

After four months of S. latissima growth, large differences were reported in the cover and growth 381 

seen on the different polymers [35].  The holdfast cover was strongly correlated to the fresh weight 382 

achieved on the block, rightly confirming that a macroscopic holdfast is necessary for successful 383 

growth.  As the sporophyte holdfast enlarges during growth, surface irregularities will increase the 384 

surface area of substratum in contact with the holdfast and so the number of adhesion points [8]. 385 
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Consequently, rough surfaces are generally regarded as more favourable for adult macroalgal 386 

attachment [6, 23]; particularly those with macrotopographic roughness in the order of  1–100 mm, 387 

which can provide protected refugia for organisms such as juvenile macroalgae [46, 47]. Porous 388 

substrata or surfaces with large scale roughness allow strong thigmotactic attachment, where holdfast 389 

rhizoids and bioadhesive penetrates into cavities resulting in  mechanical interlocking [6, 20]. The 390 

polymer blocks examined did not have such extreme surface characteristics. Nevertheless, a weak 391 

positive correlation was found between mean roughness (Ra) and holdfast coverage, indicating that 392 

Ra as low as <4 µm can increase the holdfast attachment force by increasing the surface area contact 393 

between bioadhesive and the substratum. 394 

 395 

The holdfast bioadhesive deposition pattern clearly shows that larger holdfasts appear at the margins 396 

of the blocks, which agrees with the observation that large sporophytes tended to occur here. 397 

Sporophytes that settled and grew on the margins, will have had increased access to both light and 398 

nutrients, allowing them to grow larger fronds and holdfasts, than compatriots in the centre. This lead 399 

to the observed edge effect where large bioadhesive deposition was seen towards the edges. Since all 400 

sporophytes were within 5 mm of the edge, we do not feel that this led to bias in the results regarding 401 

the measured attachment force between different polymers. 402 

 403 

4.3. High contact angle materials act as foul release coatings 404 

The holdfast cover negatively correlated with the contact angle, with the highest holdfast cover seen 405 

on the lowest contact angles. This agrees with the pattern observed in a wide variety of marine 406 

organisms including Ulva spp. [10, 12]; high contact angle surfaces, typified by low surface free energy, 407 

show good fouling-release performance [8] due to a low adhesion strength causing organisms to 408 

release from the surface as they grow larger and encounter increased drag [48]. Fouling release is 409 

precisely what was observed, with attachment force positively correlated to the mean maximum size 410 
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of the sporophytes and leading to very patchy, or no growth on the polymers with weaker adhesion 411 

(POM-C/H, PTFE, PMA and HDPE) despite successful initial settlement.  412 

 413 

The attachment force of individual sporophytes correlated very well with the mean maximum size 414 

achieved on the different polymers. It was seen that on polymers where attachment was <0.3 N (POM-415 

C/H, PTFE, PMA and HDPE), sporophytes could generally not exceed 100 mm in length before they 416 

became detached; even those only two mm in length were easily detached by physical contact during 417 

handling (pers obs).  This observation is further supported by the PCA, where these materials grouped 418 

together in opposition to vectors representing increasing frond size and attachment force. 419 

 420 

4.4. Bioadhesive compatibility with the surface 421 

Substrata with a low θw have higher surface free energy available for chemical interaction, and so are 422 

generally considered more likely to allow bioadhesion [8]. In the Phaeophyceae, the bioadhesive 423 

involves both polyphenols and alginate, which are cross-linked by vanadium bromoperoxidase via 424 

enzymatic oxidation [49, 50]. The present study shows that, as expected, this bioadhesion system 425 

works best at low θw, with three exceptions, POM-C/H and PMA, where very low holdfast cover and 426 

attachment force were seen and holdfasts were easily removed by gentle abrasion. These materials 427 

have fairly high surface free energies [51] and so this incompatibility suggests that θw
 
 does not explain 428 

all the variation in bonding effectiveness, thus polymer specific incompatibility can occur, as has been 429 

observed in other marine organisms [52]. 430 

 431 

4.5. Congregation of meiospores following disturbance? 432 

Taking the meiospore settlement and holdfast cover results together, there exists an enigma. 433 

Preferential settlement of kelp meiospores on surfaces that are unsuitable for later macroscopic 434 

development (PTFE, POM-C/H, PMA and HDPE) appears contradictory, since colonization is such an 435 

“essential but precarious” process [53]. Surfaces with characteristics that do not allow sporophyte 436 
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adhesion such as those with high contact angles should be discriminated against to prevent later 437 

detachment and mortality.  Still, such high contact angle surfaces may only occur occasionally within 438 

the natural marine environment; all aquatic surfaces are colonized by a complex biofilm layer which 439 

causes contact angles to converge to a similar range [8], that can be as low as 40° [54]. Since the 440 

contact angle of some rocks approach 90o [55], higher contact angles in the coastal marine 441 

environment may be an indicator of a recently disturbed space, for example due to grazer activity. 442 

Therefore, higher contact angles may encourage meiospore settlement, and so congregation, on 443 

recently disturbed rock surface, reducing interspecific completion for space, while ensuring that the 444 

dioecious gametophytes can develop at sufficient density to allow successful fertilisation [47, 56, 57]. 445 

This[PK1] hypothesis will need to be confirmed through further experimentation.  446 

 447 

Gregarious settlement and development of juvenile sporophytes may increase the likelihood of 448 

successful adult establishment. Only very few individuals in a group of densely settled juveniles will 449 

be able to grow to adult size, due to intraspecific competition for light, nutrients and holdfast space. 450 

Such intraspecific competition may be detrimental to an individual’s growth rate [58, 59], although 451 

when subjected to flow, the neighbouring fronds bundle together and so will reduce the 452 

hydrodynamic drag force experienced on individual fronds, since drag is proportional to the projected 453 

area [48]. This  bundling was seen when blocks were exposed to a flume [60] for 10 min at 1m·s-1  (note 454 

that no detachment was seen and so the results were not reported).  This reduction in hydrodynamic 455 

drag in dense stands, suggests that gregarious settlement may increase the likelihood of adult 456 

establishment, despite intraspecific competition. 457 

 458 

4.6. Can sporophytes sense a weak attachment and compensate? 459 

It is interesting to question whether meiospores or sporophytes can sense the strength of their 460 

attachment to a surface and increase their investment when necessary, through the deposition of 461 

additional bioadhesive or growth of the hapteron. On some polymers that had a very low attachment 462 
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force, the individual sporophytes sampled had larger than expected hapterae and attachment discs. 463 

This pattern was seen particularly on POM-C, which appears as an outlier on PCA, but also to a lesser 464 

extent HDPE.  465 

 466 

The simplest explanation for this pattern is survivorship bias: Juvenile sporophytes that invested more 467 

heavily into attachment, had a stronger attachment than their compatriots and so were more likely to 468 

remain.  On many of these materials only a few sporophytes remain and so it seems highly likely that 469 

the remaining population is skewed towards those with high holdfast investment. The other 470 

explanation is that the sporophytes are acclimating to the attachment environment. There is no 471 

known mechanism by which the holdfast could assess the attachment force of the bioadhesive; 472 

however, these sporophytes are growing in an uncrowded environment, due to the detachment of 473 

compatriots and so will be encountering increased drag compared to those on the other polymers [48, 474 

61]. The fronds of macroalgae are known to respond plastically to changes in water motion, with wide, 475 

thin and undulate fronds at sheltered sites, and narrow, thick and flat  fronds and thick stipes at 476 

exposed sites [62]. It has been experimentally shown that longitudinal tension along the blade, 477 

normally produced by drag from water motion, causes the exposed morphology to develop [63]. It 478 

may therefore be hypothesised that increased frond tension due to drag also stimulates increased 479 

investment in holdfast disc and hapterae extension.  This appears to be a logical method by which the 480 

attachment force can increase based on increasing drag encountered as the juvenile grows to adult 481 

size. Further experimentation will be necessary to confirm this. 482 

 483 

5. Conclusions 484 

It has been found that a contradiction exists between the settlement pattern of selective Saccharina 485 

latissima meiospores, and the ultimate suitability of the surface for development of the adult 486 

sporophyte phase. Meiospores preferentially settle at high θw, whereas the holdfast bioadhesive of 487 

sporophytes can only attach weakly, leading to their detachment before the frond reaches 100 mm in 488 
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length. At low θw, meiospores settlement is low, but sporophytes can attach strongly allowing 489 

continued growth without detachment. It is hypothesised that higher θw is used by kelp meiospores 490 

as a cue for recently disturbed environments, allowing gregarious settlement in areas with reduced 491 

interspecific competition. On some polymers, sporophytes can only attach weakly, despite a low θw, 492 

indicating that the specific chemistry of the polymer can be the controlling impact in attachment 493 

success. Small scale differences in surface roughness between polymers were indicated to impact of 494 

the attachment force of holdfasts through thigmotactic attachment, but did not affect meiospore 495 

settlement. Finally, increased holdfast and hapteron investment when attachment is weaker is likely 496 

due to either survivorship bias or acclimation induced by increased drag exposure due to the 497 

detachment of nearby compatriots. 498 

 499 
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