
The stress and strain of life - how differences in the mechanical
properties and cellular composition enable the kelp Laminaria digitata
to thrive in different hydrodynamic environments
Millar, R., Houghton, J. D. R., & Kregting, L. (2021). The stress and strain of life - how differences in the
mechanical properties and cellular composition enable the kelp Laminaria digitata to thrive in different
hydrodynamic environments. Marine environmental research, 169, [105330].
https://doi.org/10.1016/j.marenvres.2021.105330

Published in:
Marine environmental research

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2021 Elsevier.
This manuscript is distributed under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1016/j.marenvres.2021.105330
https://pure.qub.ac.uk/en/publications/513f9db3-a17f-472d-8bf2-348d65a5dcff


THE STRESS AND STRAIN OF LIFE – HOW DIFFERENCES IN THE 1 

MECHANICAL PROPERTIES AND CELLULAR COMPOSITION ENABLE THE 2 

KELP LAMINARIA DIGITATA TO THRIVE IN DIFFERENT HYDRODYNAMIC 3 

ENVIRONMENTS 4 

Rachel Millar 5 

School of Natural and Built Environment, Queen’s University Belfast, David Keir Building, 6 

Queen’s University, Belfast, BT7 1NN, UK 7 

Corresponding author: email rmillar728@qub.ac.uk 8 

Jonathan D. R. Houghton  9 

School of Biological Science, Queen’s University Belfast, 19 Chlorine Gardens, Belfast, BT9 10 

5DL, UK 11 

Louise Kregting 12 

School of Natural and Built Environment, Queen’s University Marine Laboratory, 12-13 The 13 

Strand, Portaferry, BT22 1PF, UK 14 

 15 

 16 

 17 

KEYWORDS 18 

Wave, Current, Strategy, Breakage, Extensibility, Strength, Thickness, Blade 19 

mailto:rmillar728@qub.ac.uk


 

ABSTRACT 20 

Sessile organisms such as macroalgae located in the intertidal and shallow subtidal zones are 21 

subject to a hydrodynamically diverse environment, controlling the variation of intraspecific 22 

morphology and distribution. Kelp forests experience both waves and/or currents, yet, how 23 

kelp blade material mechanically differs between these various hydrodynamic environments 24 

and what drives the variation in strength and extensibility are not fully understood. Here, the 25 

mechanical properties, cellular composition and blade tissue thickness of the meristematic 26 

region and distal tips of the kelp Laminaria digitata blades were quantified and compared 27 

between seasons and among three hydrodynamic environments: wave dominated, current 28 

dominated and a benign hydrodynamic environment. Kelps associated with energetic 29 

environments, generally tended to be stronger yet more extensible than those growing in the 30 

benign hydrodynamic environment. Higher extensibility was located at the meristematic region 31 

whereas tissue was stronger in the distal tip of the blade. Linking both cellular composition and 32 

mechanical properties, results suggest enhancement of medulla cells in the meristematic region 33 

increases extensibility, potentially protecting the thallus during increased storm activity while 34 

growing in a wave/current exposed habitat. Investment in cortex cells towards the tip of the 35 

blade suggests an increase in strength of the region, which is susceptible to breakage. However, 36 

the lack of variation in the proportion of medullary and cortical cellular layers between distinct 37 

hydrodynamic environments revealed that the potential overall strategy for avoiding breakage 38 

in energetic hydrodynamic environments is that of investing energy into the increased thickness 39 

of blade tissue. 40 

  41 



 

INTRODUCTION 42 

The intertidal and shallow subtidal coastal zones are hydrodynamically stressful habitats for 43 

sessile organisms, which experience repeat loadings from acceleration, drag and lift forces 44 

associated with both wave and current motion (Denny 1987). Accordingly, hydrodynamic 45 

forces have long been recognised as a controlling factor in the distribution, community 46 

structure and tenacity of intertidal and subtidal macroalgal canopies as storm mediated forces 47 

can cause physical structural damage, near removal of entire kelp forests or blade 48 

fragmentation (Dayton and Tegner 1990, Krumhansl and Scheibling 2011). Due to these 49 

hydrodynamically induced forces, stipe breakage or blade fragmentation occurs when the kelp 50 

tissue reaches its ‘breaking stress’ (maximum force required per cross sectional area to tear the 51 

blade tissue) or ‘breaking strain’ (the extensibility of the blade tissue is exceeded) due to the 52 

continual stretching from repeat loading as the fronds move back and forth. 53 

Over the last 70 years, winter-mean wave height and frequency in the north east Atlantic 54 

(west coast of Europe) has increased (Castelle et al. 2018). An increase in the frequency of 55 

storms is predicted across the north east Atlantic and particularly winter storms in Europe 56 

(Collins et al. 2019). Understanding the adaptive capacity of macroalgae to this changing wave 57 

climate is important in identifying how climate change may influence kelp dynamics. To 58 

survive and thrive in dynamic environments, macroalgae thalli must tolerate the maximum 59 

hydrodynamic forces applied in a given area of the blade tissue. The hydrodynamic 60 

environment is not static and changes both daily and seasonally. Generally, larger waves are 61 

associated with seasonal storms increasing dislodgment and breakage of macroalgae (Seymour 62 

et al. 1989, Dayton et al. 1992, Wolcott 2007, Burnett and Koehl 2020) highlighting the effect 63 

of hydrodynamics on macroalgae tissue structure over a range of temporal scales. 64 

 The magnitude of force loading on an organism is influenced by its size and shape 65 

(Gaylord and Denny 1997). For flexible, freely ‘moving’ with the surrounding fluid yet sessile 66 

organisms such as kelp, the forces associated with shallow water waves and tidally driven 67 

currents are cyclic, however the frequency of oscillation, magnitude and direction of forces can 68 

differ significantly between types of water motion (Denny and Gaylord 2002, Gaylord et al. 69 

2008). The flexibility of kelp allows for streamlining and reconfiguration to avoid bearing 70 

flow-induced forces (Denny 1987). In periodic tidally driven currents, the influence of drag 71 

force on a kelp blade can be reduced by the blade naturally orientating with the unidirectional 72 

flow and forming a streamline bundle (Koehl and Alberte 1988). When exposed to unsteady 73 

wave action, drag is then combined with multi-directional acceleration forces. The blade 74 



 

acceleration in wave exposed environments may substantially exceed those typically observed 75 

in tidal environments and in turn the oscillatory motion causes a snagging/jerking action 76 

(Denny et al. 1998).  77 

There is a wealth of research extending back to the early 1900’s on the material/ 78 

mechanical properties of macroalgae to further understand tolerances in the hydrodynamic 79 

environment (e.g Delf 1932, Koehl and Wainwright 1977, Armstrong 1989, Johnson and Koehl 80 

1994, Carrington et al. 2001, Demes et al. 2011, Demes et al. 2013, Starko et al. 2018, Burnett 81 

and Koehl 2019). A key conclusion from this body of work has been that several species of 82 

kelp have been described as having different mechanical properties due to the influence of 83 

hydrodynamic exposure. For example, Armstrong (1989) demonstrated distinct differences in 84 

the strength and stiffness of Hedophyllum sessile from sheltered and exposed wave habitats, 85 

with samples from the exposed sites experiencing high wave activity being the strongest and 86 

stiffest. Similarly, Duggins et al. (2003) observed that penetration force (N) used as a measure 87 

of blade toughness, increased in strong flow environments, whilst investigating three species 88 

of understory kelp under a broad range of hydrodynamic environments including waves and 89 

currents. However, determining the influence of hydrodynamic forcing from wave and current 90 

dominated environments specifically on the mechanical properties and cellular composition of 91 

macroalgae is yet to be explored. 92 

The hydrodynamic environment drives ecomorphological traits in various macroalgae 93 

species, with thick blades associated with rapid flow environments and thin blades associated 94 

with benign slow flow environments (see review by Norton et al. 1982, Koehl et al. 2008, 95 

Bekkby et al. 2014). While the functional importance of morphological plasticity is well 96 

recognised, little is known of the developmental and physiological mechanism for plasticity 97 

that is often observed in kelps. Coleman and Martone (2020) found that the tensile gradient 98 

force applied to the growing region of Necrocystis caused morphological plasticity. They 99 

suggested that changes in tissue level morphology, particularly the measurements of the 100 

meristoderm cells, were influenced by cell growth (Coleman and Martone 2020). However, the 101 

underlying structural contribution of medullary and cortical tissue to blade morphology and in 102 

turn the mechanical properties in kelps is still under explored between hydrodynamic 103 

environments (waves and currents) and warrants further investigation (Demes et al. 2011, 104 

Krumhansl et al. 2015).  105 

Laminaria digitata can be found in a range of hydrodynamic environments, making it 106 

an ideal study organism for disentangling the influence that hydrodynamically induced forces 107 

impose on the mechanical performance, potentially attributed to differences in the cellular 108 



 

composition of blade tissue. To survive in such environments, it has previously been postulated 109 

that the kelp Laminaria digitata potentially allocates more energy towards structural 110 

strengthening of the tissue instead of elongation of the blade when associated with high energy 111 

environments and vice versa in benign hydrodynamic environments (Kregting et al. 2016). The 112 

aim of this study was to quantify and compare the mechanical properties of breaking stress (i.e. 113 

strength) and breaking strain (i.e. extensibility). Alongside, thickness measurements of the 114 

cellular composition (medullary and cortical layers) in the meristematic region and distal tips 115 

of the blades from three hydrodynamically different environments: wave dominated, current 116 

dominated and a benign environment. The mechanical properties were sampled in summer and 117 

winter due to the known influence of seawater nutrient concentrations on the synthesis of cell 118 

materials (Kraemer and Chapman 1991), temperature which can affect both the breaking stress 119 

and strain of kelp (Simonson et al. 2015) and difference in hydrodynamic activity and intensity. 120 

As L. digitata grows from the meristematic region it was important to compare against older 121 

tissue in the distal tip which are prone to breakage and fragmentation. The cellular investigation 122 

was carried out in winter to incapsulate the rapid growth phase of L. digitata which occurs 123 

between January to June in the northern hemisphere (Kain 1979) and the expected increase in 124 

energetic wave activity during winter months. In doing so, we hypothesised whether kelp in 125 

hydrodynamically energetic environments (when compared to benign environments) displayed 126 

a thickening of medullary or cortical layers to ensure higher breaking stress and breaking strain 127 

mechanical properties in a dynamic environment.  128 

 METHODS 129 

Sample collection and mechanical testing 130 

Laminaria digitata grows low in the intertidal zone on the shores inside and outside of 131 

Strangford Lough, Northern Ireland (Fig. 1). Strangford Lough is a hydrodynamically diverse 132 

sea inlet, where wave exposed environments can be found outside the Lough, fast current flows 133 

within the long (8km), narrow (~1km) entrance (the Narrows) and benign hydrodynamic 134 

environments throughout the Lough owing to the many islands/islets (Fig. 1).  135 

Ten randomly selected whole L. digitata thalli (blade length > 0.5 m) were collected from 136 

each site (n = 3-5) within the three classified hydrodynamic environments; high wave low 137 

current (HWLC), high current low wave (HCLW) and low current low wave (LCLW); see 138 

Millar et al. (2019) for full details of site hydrodynamic characterisation. Average significant 139 

wave height and current velocity at each environment were 0.79m and 0.08m·s-1 (HWLC), 140 



 

0.09m and 0.34m·s-1 (HCLW) and 0.15m and 0.12m·s-1 (LCLW) (Millar et al. 2019). To limit 141 

variation of seawater nutrient concentrations or temperature levels, sites were chosen in close 142 

proximity to one another that had similar sea surface temperature and nutrient concentrations 143 

(Kregting et al. 2016) to ensure that the only key variable varying significantly within each 144 

season were the hydrodynamics. Seasonal testing of the breaking stress and strain of L. digitata 145 

blade tissue from the meristematic and the distal regions was carried out in August 2017 146 

(summer) and January 2018 (winter). Samples were transported to the concrete testing facility 147 

at Queen’s University Belfast in cooler boxes and testing was carried out within 12 hours of 148 

collection, as a preliminary study showed no significant difference in mechanical properties 149 

over a 24-hour period. A standardised dumbbell template (Fig. 2) was used to cut longitudinal 150 

blade tissue samples from the meristematic region (5cm up from the stipe/ blade junction) and 151 

distal tips (5cm down from the end) of the blade. In addition, to control the breaking point of 152 

the tissue and to reduce damage on the edges of the tissue from tightening of the clamps during 153 

the testing period. Using digital callipers, the length, width, and thickness of the cut-out blade 154 

tissue samples were measured in the centre of the dumbbell to the nearest 0.1 mm to calculate 155 

the centre cross-sectional area (mm2) of the sample prior to testing (Fig. 2). Stress and strain 156 

measurements were carried out using a static material testing machine (Zwick Roell, Z100) 157 

with resisting force (N) recorded using a 2.5 kN load cell (factory calibrated with an accuracy 158 

±0.5%). Tissue samples were attached to the clamps of the Zwick which were lined with 159 

sandpaper to reduce slippage during testing. Samples were then strained at a rate of 10 mm 160 

min-1 (as per Demes et al. 2013) until the tissue sample failed (broke). Testing was carried out 161 

on blotted dry tissue to reduce slippage. Samples which slipped within the clamps or failed 162 

within the area surrounding the clamps were not included in the analysis.  163 

Calculation of mechanical properties 164 

The mechanical properties of L. digitata blade tissue were determined using engineers’ 165 

breaking stress (i.e., the maximum force applied to a cross-sectional area that cannot withstand 166 

additional stress before breaking) which was calculated from the force (N) to break a sample 167 

over the initial cross-sectional area (mm2) taken from the mid part of the dumbbell sample (Fig. 168 

2) and recorded here as MPa (Megapascal), where σ is the breaking stress, F is the force to 169 

break and A is the cross-sectional area.  170 

𝜎 =
𝐹

𝐴
           171 



 

The breaking strain (i.e., the amount of strain causing breakage) of the same tissue samples 172 

were determined by the extension of the sample divided by the initial length (mm), where 𝜖 is 173 

the breaking strain, L is the total elongation  and Li is the initial length. 174 

𝜖 =
𝐿

𝐿𝑖
         175 

  176 



 

 177 

Figure 1. Laminaria digitata collection sites within Strangford Lough, Northern Ireland. Sites within 178 

the High Wave/ Low Current (HWLC) environment were Kearney 1-3 and Killard 1 & 2. Within the 179 

High Current/ Low Wave (HCLW) environment; Cloughy Rock 1, 2, Gowland Rock & Walter Shore 180 

and at the Low Current/ Low Wave (LCLW) were the sites Killyleagh 1, 2 & 3.  181 

  182 



 

 183 

Figure 2. Dumbbell template used to cut samples of Laminaria digitata blade tissue. Blade 184 

measurements used for the calculation of mechanical properties, length (mm), width (mm) and 185 

thickness (mm). 186 

Histology of blade tissue 187 

Mature individuals (n = 12) of L. digitata (blade length > 0.5 m) were collected in February 188 

2019 (winter) from a HWLC site (Kearney 1), a HCLW site (Walter Shore) and a benign 189 

LCLW site (Killyleagh 1) (Fig. 1). Ideally, the same HCLW sites used for the mechanical 190 

property measurements were preferred, but these sites couldn’t be reached during the cellular 191 

study.  Consequently, L. digitata were sampled from a substitute site, Walter Shore with 192 

maximum current flows of ~ 2 m·s-1 (Kregting et al. 2016) similar to strong tidal current flows 193 

of ~ 1.2 m·s-1 at the HCLW sites (Fig. 1). Kelp were transported in cooler boxes to the Queen’s 194 

University Marine Laboratory, Northern Ireland, where they were housed in large flow-through 195 

holding tanks (~ 500 L) with sand filtered seawater delivered by pumps directly from the 196 

adjacent Strangford Lough for 12 hours prior to sampling. To determine whether kelp tissue 197 

layer thickness (medulla and cortex) differed between individuals grown under different 198 

hydrodynamic environments, fresh hand sections were cut using a razor blade approximately 199 

1-2 cm in length and ~ 2-3 mm width, within the centre of the blade region. Tissue samples 200 

were taken from the meristematic region (~ 5 cm up from the stipe – blade intercept) and distal 201 

tips of the blade (~ 5 cm back from the tip of the longest blade). Natural blade thickness 202 

(meristoderm to meristoderm) was not cut to a standard size in order to preserve cellular 203 

integrity and was corrected for during analysis as it differed between hydrodynamic 204 

environments. Each sample was then placed on a microscope slide with a drop of seawater to 205 

prevent dehydration which would influence the cellular structure (Fig. 3). Slides were 206 

photographed using a compound microscope (Olympus BX41) with a mounted DSLR camera 207 

(Olympus E-600) (Becker et al. 2018). Using ImageJ (US National Institutes of Health, 208 

Bethesda, Maryland, USA) software, measurements of the total blade thickness, medullary and 209 

cortical (including the meristoderm) tissue layers (as per Starko et al. 2018) were taken and 210 

averaged over three points measured along each tissue layer (Starko et al. 2018) (Fig. 3).  211 



 

212 

 213 

Figure 3. Photograph (magnification 20x) of the cross-section of Laminaria digitata tissue taken from 214 

the distal tip (A) of the blade, the meristematic region (B) showing the cortex and medulla cellular 215 

layers (L. digitata sampled from the HWLC environment) and (C) a diagram of a transverse section of 216 

blade tissue showing the anatomical features: meristoderm which is included in the cortex 217 

measurements, the tightly packed pigmented cortex cells and medulla non-pigmented filamentous cells 218 

with surrounding mucilage.  219 



 

Statistical analyses 220 

 Mechanical properties 221 

To analyse the differences in mechanical properties, we constructed a linear mixed model 222 

(LMM) adding site as a random effect to account for the correlation between the kelp taken 223 

from the same site. Kelp ID was also included in the model as a random effect to account for 224 

any variation caused by paired sampling. Model assumptions were tested by extracting 225 

residuals from the LMM and examining the residual plots. Outliers were removed from the 226 

response variable, stress, which also required square root transformation for normality. The 227 

LMM was constructed in R (R Core Team 2020) using the lmerTest package (Kuznetsova et 228 

al. 2017) followed by pairwise comparisons using the emmeans package (Lenth et al., 2018).  229 

  Cellular composition 230 

Similarly, a LMM was performed to analyse differences in cellular and blade thickness. Kelp 231 

ID was included in the model as a random effect. Medullary and cortical tissue layer thickness 232 

were normalised to the total blade thickness for cross comparison purposes. These percentage 233 

values were arcsine transformed, and normality and homogeneity of variance were tested to 234 

meet statistical assumptions. As above, a LMM was constructed in R using the lmerTest 235 

package (Kuznetsova et al. 2017). 236 

To compare the proportion of the medullary to cortical layer within the blade, a beta 237 

regression was constructed (Cribari-Neto and Zeileis 2010) to test the cellular layer proportion 238 

against a fixed layer proportion of 0.5 (assuming equal thickness) across hydrodynamic 239 

environments and separately for blade region. Statistical significance of the layer proportions 240 

between regions and across hydrodynamic environments was calculated using chi-square tests 241 

with the ‘car’ package (Fox and Weisberg 2019).  242 

The level of significance was p <0.05 for all statistical tests and all analyses were 243 

undertaken in RStudio (R Core Team 2020). 244 

RESULTS 245 

Breaking stress of blade tissue 246 

Significant differences in the breaking stress of L. digitata blade tissue were observed among 247 

the different hydrodynamic environments (F2,390 = 12.62, p <0.001) (Table 1). Tukey’s HSD 248 

test showed that in winter, the breaking stress was lowest for the kelp from the LCLW 249 



 

environment (averages of 1.25 and 1.78 MPa) compared to the kelp growing at the HWLC and 250 

HCLW environments (1.42, 1.6 and 3.1, 2.72 MPa) for both the meristematic region and distal 251 

tips, respectively (p <0.05) (Fig. 4). This pattern was not as obvious in summer as samples 252 

from all three hydrodynamic environments showed similar breaking stress in the meristematic 253 

region. However, the distal tips of the kelp sampled from the LCLW environment had a 254 

significantly lower breaking stress than individuals from the HWLC environment in summer 255 

(p <0.05) (Fig. 4).  256 

Breaking stress of kelp was significantly influenced by season (F1,390 = 100.40, p 257 

<0.001) (Table 1). Tukey HSD revealed that the blade tissue from the meristematic region had 258 

a higher breaking stress in summer than in winter (p <0.05) (Fig. 4). At the distal tips, only the 259 

kelp at the LCLW environment showed significant differences in breaking stress between 260 

seasons with kelp individuals having a higher breaking stress in the summer (2.53 MPa) 261 

compared to winter (1.78 MPa) (p <0.05) (Fig. 4).  262 

A difference in the breaking stress between blade tissue regions was observed (F1, 390 = 263 

216.68, p <0.001) (Table 1) with Tukey test showing that breaking stress was generally lower 264 

in the meristematic region than in the distal tips (p <0.05). The breaking stress of the 265 

meristematic region was on average 0.45 MPa lower compared to the distal tip in summer, 266 

however, a greater difference of 1.11 MPa was observed between the meristematic region and 267 

distal tip in winter (Fig. 4).  268 

269 



 

Table 1. Linear Mixed Models (LMM), testing for differences in season (two levels: summer and 270 

winter), hydrodynamic condition (three levels: HWLC, HCLW and LCLW) and blade tissue region 271 

(two levels: meristematic region and the distal tip of the blade) on the breaking stress (square-root 272 

transformed) and breaking strain (untransformed) of Laminaria digitata blade tissue. Significant results 273 

are in bold (p <0.05). 274 

Parameters Stress 
 

df MS F p 

Season 1 26.28 100.40 <0.001 

Region 1 56.73 216.68 <0.001 

Condition 2 3.30 12.62 0.006 

Season: Region 1 10.10 38.56 <0.001 

Season: Condition 2 2.85 10.88 <0.001 

Region: Condition 2 6.83 26.09 <0.001 

Season: Region: Condition 2 0.39 1.50 0.23 
 

Strain 

Season 1 0.05 7.14 0.008 

Region 1 3.77 534.23 <0.001 

Condition 2 0.07 10.50 0.005 

Season: Region 1 0.00 0.01 0.95 

Season: Condition 2 0.03 4.60 0.01 

Region: Condition 2 0.02 2.34 0.10 

Season: Region: Condition 2 0.03 4.24 0.02 

 275 



 

 276 

Figure 4. Breaking stress from the meristematic region and distal tip of Laminaria digitata blade (MPa). 277 

At three hydrodynamic environments; High Wave/ Low Current (HWLC) and High Current/ Low Wave 278 

(HCLW) and Low Current/ Low Wave (LCLW) in summer 2017 and winter 2018. Means ± SE (n = 279 

30-50 individuals per environment). 280 
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Breaking strain of blade tissue 281 

Significant differences in the breaking strain of L. digitata blade tissue were observed between 282 

hydrodynamic environment, season and region. The differences in breaking strain observed at 283 

each hydrodynamic environment were a result of an interaction between season (F2, 392 = 4.60, 284 

p = 0.013), however there was no interaction between hydrodynamics and region (Table 1).  285 

Post hoc Tukey’s HSD test revealed that the meristematic region displayed significant 286 

differences in breaking strain among hydrodynamic environments (p <0.05) (Fig. 5). LCLW 287 

kelp had a lower breaking strain (0.44) than kelp at both the HCLW (0.63) and HWLC sites 288 

(0.56) in summer. Similarly, kelp in HWLC and HCLW sites had a higher breaking strain (0.62 289 

and 0.65 respectively) than kelp at the LCLW site in winter (0.43) (p <0.001). At the distal tip 290 

of the blade during winter, the kelp breaking strain of LCLW environment (0.24) was 291 

significantly lower than kelp from HWLC (0.40) and HCLW (0.43) (p <0.001) (Fig. 5).  292 

Tukey’s test showed no significant seasonal difference between breaking strain of the 293 

meristematic region of L. digitata blade tissue between hydrodynamic environments (i.e., 294 

HWLC vs. HWLC across season). However, at the distal tip in winter, kelp from the HWLC 295 

environment had a greater breaking strain of 0.07mm than during the summer sampling period 296 

(Fig. 5).   297 

Blade tissue of L. digitata had greater breaking strain in the meristematic region 298 

compared to the distal tip of the blade, for most hydrodynamic environments (F1, 392 = 534.23, 299 

p < 0.001) (Table 1). The breaking strain in LCLW kelp at the meristematic region was similar 300 

to HWLC and HCLW in the distal tip (winter and summer). Regional breaking strains of kelp 301 

were similar between winter and summer sampling, for example, meristem breaking strain 302 

averaged at 0.53 in summer and 0.55 in winter (Fig. 5). However, differences in kelp breaking 303 

strain between meristem and distal was approximately 0.18 in summer and winter. 304 



 

 305 

Figure 5. Breaking strain from the meristematic region and distal tip of Laminaria digitata blade. At 306 

three hydrodynamic environments; High Wave/ Low Current (HWLC) and High Current/ Low Wave 307 

(HCLW) and Low Current/ Low Wave (LCLW) in summer 2017 and winter 2018. Means ± SE (n =30-308 

50 individuals per environment).  309 
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Cellular composition 311 

No significant difference in the medullary or cortical layer thickness was observed between 312 

kelps sampled from different hydrodynamic environments, in either the meristematic region or 313 

the distal tip of the blade tissue (Table 2). However, the medulla thickness between the blade 314 

tissue regions was significantly different (F1,50 = 49.21, p <0.001) as was the cortex thickness 315 

between tissue regions (F1,50 =48.70, p <0.001) (Table 2). Post hoc tests revealed that the 316 

medullary layer of kelp from the HWLC and LCLW environment were thicker in the 317 

meristematic region (~ 50% of the total blade thickness) than the distal tip (~ 35 %) (p <0.05). 318 

The HWLC and LCLW kelp also had a significantly thicker cortical layer at the distal tip (~ 319 

65% of the blade thickness) compared to the meristematic region (~ 50%) (p <0.05). The 320 

HCLW environment individuals displayed no significant difference in the thickness between 321 

blade tissue region for both the medullary and cortical layers (Fig. 6).  322 

Total blade thickness was significantly thicker at the meristem compared to the distal 323 

tip of the blade amongst the hydrodynamic environments (F2,50 = 3.86, p = 0.03). Tukey’s post 324 

hoc tests showed that total thickness of kelp blade tissue from the HWLC and HCLW 325 

environment was significantly thicker (1.49 mm) than the LCLW blade tissue (0.94 mm) in the 326 

meristematic region (p <0.05) (Fig. 7). At the distal tip, kelp at the HWLC environment were 327 

thicker than kelp from the LCLW environment (p <0.05) (Fig. 7).  328 

Within the blade tissue at the meristematic region, the proportion of the medullary and 329 

cortical layers were similar (χ2 = 0.24, df = 1, p = 0.62) with no differences observed between 330 

hydrodynamic environments (χ2 = 5.65, df = 2, p = 0.06). Conversely, at the distal tip of the 331 

blade, cortical layers were significantly thicker than the medullary layers from kelp sampled 332 

(χ2 = 96.72, df = 1, p <0.05) which was not driven by the hydrodynamic environment (χ2 = 333 

3.43, df = 2, p = 0.18) (Fig. 8).  334 

  335 



 

 Table 2. LMM’s, testing for the differences between hydrodynamic environment (three levels: HWLC, 336 

HCLW and LCLW) and blade tissue region (two levels: meristematic region and the distal tip of the 337 

blade) on the proportional thickness of the medullary and cortical cellular layers (arcsine transformed) 338 

and total blade thickness (untransformed) of Laminaria digitata. Significant results are in bold (p 339 

<0.05).  340 

Parameters Medulla 

 df MS F p 

Hydrodynamic Environment 2 0.02 3.12 0.05 

Region 1 0.31 49.21 <0.001 

Hydrodynamic Environment: Region 2 0.01 1.65 0.202 

 Cortex 

Hydrodynamic Environment 2 0.02 2.87 0.07 

Region 1 0.40 48.70 <0.001 

Hydrodynamic Environment: Region 2 0.01 1.34 0.272 

 Total blade thickness 

Hydrodynamic Environment 2 0.53 23.78 <0.001 

Region 1 5.29 237.78 <0.001 

Hydrodynamic Environment: Region 2 0.09 3.86 0.03 

   

 

 

 

 

 

 

 

 

 

  

 341 



 

 342 

 343 

Figure 6. Percentage medullary and cortical layer of the blade thickness at the meristematic region and 344 

distal tip of the blade (n = 7-11). Mean + SE at the three hydrodynamic environments (HWLC, HCLW 345 

and LCLW) during winter. Significant differences in layer proportions between blade regions are 346 

indicated (*) (Tukey’s HSD, p <0.05). 347 
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 349 

Figure 7. Total thickness of blade tissue (mm) at all three hydrodynamic environments (HWLC, HCLW 350 

and LCLW) in the meristematic region and distal tip of the blade (n = 9 -11) in winter (Mean + SE).  351 

352 



 

 353 

 354 

Figure 8. Proportion of medullary and cortical layers in the meristematic region and at the distal tip of 355 

Laminaria digitata blade tissue at three hydrodynamic environments (HWLC, HCLW and LCLW) (n 356 

= 7-11) in winter (Mean + SE). Significant differences between medulla and cortex thickness are 357 

highlighted (*) (p <0.05).  358 
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DISCUSSION 359 

Blade tissue of the kelp Laminaria digitata from more energetic environments (wave 360 

dominated and current dominated) tend to have higher breaking stress and breaking strain 361 

(hereafter referred to as strength and extensibility) properties compared to the benign 362 

environment. The distal tips of the blades were stronger in the wave and current environments, 363 

regardless of season.  The strength of the meristematic region, while a lot lower than the distal 364 

tips, was not influenced by the hydrodynamic environment and was only affected by season, 365 

being harder to break in summer compared to winter. Conversely, the extensibility of blade 366 

tissue was greatest in the meristematic region of the kelp blade compared to the distal tips 367 

opposite to the results of strength. Further, the extensibility of both the meristematic and distal 368 

regions were influenced by the hydrodynamic environment. In general, the kelps from both the 369 

wave and high current sites were more extensible compared to the kelp from the low current 370 

site. Season had very little effect on the extensibility observed with only the wave environment 371 

seeing a rise in extensibility from summer to winter in the meristematic region. Overall, these 372 

results show the complexity of extensibility and strength of kelp blade tissue across season and 373 

hydrodynamic environment.   374 

Irrespective of whether L. digitata grew in wave or current dominated environments, 375 

there was no significant difference observed in the thickening of medullary or cortical tissue 376 

layers. Yet, there was a significant difference between the meristem and distal tips of the blade 377 

tissue for both the medullary and cortical tissue with thicker medullary layer in the 378 

meristematic region then the distal tips and thicker cortical layer in the distal tips than the 379 

meristematic region. However, the hydrodynamic environment did influence the overall total 380 

blade thickness for both the meristem and distal tips of the blade. In the meristematic blade 381 

region, kelp at the HWLC and HCLW environment were 1.6 times thicker than those located 382 

at the LCLW environment. Regarding the distal tips of the blade, kelp at HWLC environment 383 

were 1.6 times thicker than those at the LCLW environment and kelp in HCLW environment 384 

were not significantly different to either HWLC or LCLW (Fig. 8). The proportion of 385 

medullary to cortical layers within the meristematic region were similar across the 386 

hydrodynamic environments. However, at the distal region of the kelp blade, all hydrodynamic 387 

environments displayed a significantly higher proportion of the cortical to medullary layer, 388 

which was between 20% and 33% larger. Differences in the proportion of medullary and 389 

cortical layers were expected from hydrodynamically induced forcing on the blade, however, 390 



 

our results suggest that this is instead due to the age of tissue, which corresponds with our 391 

findings regarding the mechanical properties linked to ageing of blade tissue.  392 

Hydrodynamically induced forces can cause mortality via dislodgment and damage 393 

from breakage of sessile organisms, which drives selective pressures towards mechanical 394 

properties (Demes et al. 2013). For survival in the intertidal and subtidal zone, two common 395 

strategies are: gain tissue strength through the increased thickness of tissue or cellular content 396 

in a bid to withstand forces or by having flexible tissue, which helps reduce drag. Similarly, to 397 

Hedophyllum sessile (Armstrong 1989), it can be postulated that L. digitata can dampen forces 398 

from waves and currents by combining extensible tissue (highest at the meristematic region) 399 

and stronger tissue (at the distal tip). Our findings also correspond with Martone (2007), 400 

Krumhansl et al. (2015), Starko et al. (2018) and Burnett and Koehl (2019) that older tissue 401 

was significantly stronger compared to newly developed tissue and that the extensibility of kelp 402 

decreases with the age of blade tissue (Krumhansl et al. 2015). The change of mechanical 403 

properties between the meristematic region and distal tip of the blade is most likely due to the 404 

ageing of macroalgal tissue, the mechanisms of which have not been fully explored before 405 

(Krumhansl et al. 2015), but it is likely that the plasticity in kelp tissue may occur due to 406 

exposure to hydrodynamic forces on blade tissue over time. This is further supported by 407 

Coleman and Martone (2020) who found that plasticity only occurred in growing tissue of 408 

Necrocystis therefore a higher extensibility would be expected in the meristematic region.  409 

Growth rate of L. digitata was greatest in winter (January – March) and lower during 410 

the summer months (July – August) (Millar et al. 2019). As seasonal differences appeared to 411 

mainly influence the breaking stress of the meristematic region tissue (i.e., the growth region), 412 

variation in strength could be due to the formation of new cells during periods of increased 413 

growth rate in winter compared to summer. The low growth rate and lack of new cell formation 414 

may subsequently lead to increased tissue strength. Kraemer and Chapman (1991) found that 415 

the synthesis of cell wall materials was greatest in new tissues, at low nutrient levels and under 416 

increased hydrodynamic force. These influences on cell wall synthesis may help explain an 417 

unexpected higher breaking stress of the meristem region of L. digitata blades in summer when 418 

seawater nutrient concentrations are lowest, coinciding with a phase of reduced growth 419 

(Chapman and Craigie 1977, Chapman and Craigie 1978, Gagné et al. 1982). During the 420 

winter, in general a lower breaking stress was observed alongside a higher breaking strain, 421 

therefore, kelp tissue would have more extensibility to flow with the potential increase in water 422 

motion caused by winter storms. In addition, cellular structure could potentially be 423 

underdeveloped as it has been newly formed and has not been exposed to environmental 424 



 

elements. For example, red macroalgae showed reduced flexibility that was partly attributed to 425 

an increase in medullary tissue ~5 cm from stipe/blade junction, an area associated with new 426 

growth (Demes et al. 2011). In this study, during winter, kelp at the high wave site had a greater 427 

extensibility which was associated with a thicker medullary tissue layer compared to the 428 

cortical layer in the meristematic region. The medullary tissue is also associated with large 429 

amounts of mucilage, which may create pliable tissue due to a higher water content (Starko et 430 

al. 2018). We suggest that in kelps, the increase in thickness of the medullary layer and the 431 

decrease of the cortex layer increases extensibility to reduce the effect of wave induced forces 432 

(i.e. drag and lift) during the growth phase in winter when storms are most prevalent. However, 433 

in terms of metabolic costs, it has been suggested that in red macroalgae medulla cells are 434 

supported by cortex cells (Demes et al. 2011). Therefore, the lower growth rate observed in 435 

kelp from the HWLC environment (as per Kregting et al. 2016, Millar et al. 2019) could 436 

potentially be linked to an increase in bulk medulla tissue (and overall blade thickness) for 437 

increased hydrodynamic performance. These results suggest a complexity in the type of cell 438 

developed in the meristematic region, potentially linked to the growth rate in different 439 

hydrodynamic environments. 440 

 The results from this study showed that the proportion of cortex cells increased in the 441 

distal tip (older tissue) alongside a higher breaking stress. The meristematic region had a lower 442 

proportion of cortex cells associated with a lower strength. Studies have previously shown that 443 

the strength of macroalgal tissue is driven by age related thickening of cells and cellular layers. 444 

For L. digitata, new tissue grows from the meristematic region (stipe blade junction) in a 445 

conveyor belt fashion which results in older tissue at the end of the blade. Harder et al. (2006) 446 

showed that the cortical tissues were stronger and stiffer than the medulla sampled from kelp 447 

stipes at four wave exposed sites, and that there was no differentiation in cortical strength 448 

between the hydrodynamic exposure. Our findings suggest that the cortex cells play a role in 449 

the strengthening of blade tissue as there was an increase in the proportion of cortical tissue at 450 

the distal tip of blades, the region where blade tissue is most prone to fragmentation and damage 451 

from abrasion but similarly could not be related to differences in hydrodynamic environments.  452 

The hydrodynamic environment is a driver of intraspecific morphology and we 453 

observed that L. digitata blades were significantly thicker at the high energetic environments 454 

(HWLC and HCLW) than the benign LCLW environment. Similarly, Duggins et al. (2003) 455 

observed thinner blades of Agarum fimbriatum and Costaria costata in low flow sites. At high 456 

energetic sites, L.digitata had thicker blades which tended to be stronger (force to break (N)) 457 

than those in benign hydrodynamic environments with thinner blades (per. obs.). Demes et al. 458 



 

(2011) found that force to break and blade tissue thickness was positively correlated in 16 red 459 

macroalgae species, although the blade thickness was a result of increased medulla thickness. 460 

Here, L. digitata had thicker blades at the HWLC and HCLW environments but did not have a 461 

proportionally larger medullary layer compared to the thinner blades at the LCLW 462 

environment. When relating this back to extensibility, a greater blade thickness was observed 463 

in regions with a larger quantity of medulla cells present i.e. the meristematic region. Demes 464 

et al. (2011) suggested that there could potentially be a maximum medulla to cortex ratio, which 465 

sets an upper limit on blade thickness. The line of argument is that because cortex cells are 466 

pigmented in red macroalgae, and possibly support the non- pigmented medullary tissue, this 467 

could be a substantial metabolic cost on tissue production by increasing thickness for strength 468 

(Martone 2007, Demes et al. 2011). The logic of increased metabolic cost with increased 469 

thickness follows the observations of Millar et al. (2019) whereby growth rate was lower and 470 

blade thickness was greatest (considered as metabolically costly) at wave exposed 471 

environments compared to the kelp associated with low flow environments.  472 

 In summary, this study has furthered the understanding of the functional role of the 473 

medullary and cortical tissue layers of Laminaria digitata under differing hydrodynamic 474 

environments. Investment in cortex cells towards the tip of the blade may increase tensile 475 

strength in a region susceptible to breakage, whilst enhancement of medulla cells in the 476 

meristematic region may increase the extensibility required during the growth period 477 

potentially coinciding with increased storm activity in wave exposed habitats. Ultimately, 478 

stronger yet extensible L. digitata were associated with high energy environments. However, 479 

due to similarities in the cellular layer (cortex or medulla) thickness between the hydrodynamic 480 

environments, further investigation into the cellular content or chemical analysis is required to 481 

explain the variation of kelp breaking stress between hydrodynamic environments (Starko et 482 

al. 2018). The potential strategy to avoid breakage and fragmentation between 483 

hydrodynamically variable environments is that of investing energy into the increased bulk of 484 

blade tissue with no preference to the proportion of either medullary or cortical tissue layers. 485 

In doing so, the productivity and morphology of kelp forests may be impacted by predicted 486 

changes in wave climate (storm frequency) if energy allocation is diverted from blade 487 

elongation to thickening.  488 

 489 
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