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Macroalgae on wave- and current-swept shores are subjected 
throughout their lives to hydrodynamic forces imposed by ambi-
ent water motion (e.g., Koehl and Wainwright, 1977; Denny, 1988; 
Carrington, 1990; Kitzes and Denny, 2005; Gaylord et al., 2008). The 
size, shape, and flexibility of a macroalga affect the magnitude of 
the hydrodynamic forces it experiences in ambient water flow (e.g., 
Koehl, 1985, 1999; Denny, 1988; Carrington, 1990), and the geom-
etry of the thallus determines the magnitude of the stresses in the 
tissues when exposed to those forces (e.g., Johnson and Koehl, 1994; 
Koehl 1999). The mechanical properties of the tissues (“material 
properties”) of macroalgae influence how they deform and whether 
they are damaged or break when exposed to the stresses caused by 
hydrodynamic forces (e.g., Delf, 1932; Koehl and Wainwright, 1977; 
Koehl, 1985, 1999; Denny, 1988; Carrington, 1990; Johnson and 
Koehl, 1994; Denny et al., 2013; Starko et al., 2018). For example, 

the stretching or bending of a macroalga in flowing water depends 
in part on the stiffness (elastic modulus) of its tissues. Whether or 
not hydrodynamic forces rip off parts of a macroalga depends on 
the strength (force per cross-sectional area required to break a ma-
terial) and toughness (work per volume required to break a mate-
rial) of its tissues. Macroalgal tissues can be tough either by being 
strong or by being very extensible (stretching a great deal before 
breaking). Quantifying these material properties can reveal how 
macroalgae withstand different magnitudes and temporal regimes 
of hydrodynamic forces encountered in their natural habitats (e.g., 
Koehl, 1999).

Hydrodynamic forces on macroalgae and the resulting rates at 
which their tissues are strained are constantly changing. Macroalgae, 
which move back-and-forth in wave-driven flow (Koehl, 1986, 
1999) and flutter in turbulent unidirectional flow (Koehl and 
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Alberte, 1988), are exposed to changes in ambient water motion that 
occur over a range of time scales, from the impingement and surge 
portions of a single wave hitting the shore (Gaylord, 1999; Gaylord 
et al., 2003; Jensen and Denny, 2015) to the changes in flow that oc-
cur during tidal cycles (e.g., Koehl and Alberte, 1988) and between 
different seasons (Burnett and Koehl, 2020). Although macroalgae 
are exposed to a wide range of strain rates from fluctuating ambient 
water flow, the effects of different ecologically relevant strain rates 
on their material properties, and thus their performance in flow, is 
poorly understood.

Many biomaterials are viscoelastic, so their material proper-
ties depend on the rate at which they are strained (e.g., Alexander, 
1964; Denny and Gosline, 1980; Mason and Weitz, 1995; Zhou 
et al., 2009; Sahni et al., 2010; Hayot et al., 2012; Meyers and Chen, 
2014). For example, the body-wall tissue of sea anemones is stiff 
when exposed to high strain rates mimicking those they experi-
ence in waves (enabling them to remain upright to capture prey in 
waves) but is very compliant when exposed to the low strain rates 
experienced in tidal currents (enabling them to passively reorient 
in the ambient flow) (Koehl, 1977). Similarly, the stiffness of the 

byssal threads attaching mussels to the substratum increases with 
strain rate when cyclically stretched, as they are when mussels 
are battered by waves (Carrington and Gosline, 2004). Other me-
chanical behaviors of viscoelastic materials include hysteresis 
during cyclic loading (i.e., the material stretches when loaded 
but does not immediately return to its original length when un-
loaded) and creep (i.e., the material deforms over time when a 
static load is applied) (Koehl, 1977; Vincent, 2012). Several spe-
cies of macroalgae show time-dependent material properties in 
cyclic loading or creep tests (e.g., Johnson and Koehl, 1994; Hale, 
2001; Harder et al., 2006; Denny et al., 2013), but little is known 
about how different strain rates affect the deformation and break-
age of macroalgal tissues in nature. Although many studies of 
the material properties of macroalgae do not report the strain 
rates used in mechanical tests, strain rates that have been pub-
lished for some studies of macroalgae are summarized in Table 
1. Only a few studies tested multiple strain rates, and of those 
only one study provided a quantitative justification that the strain 
rates used mimicked those experienced by macroalgal tissues in 
natural flow (Burnett and Koehl, 2018). Overall, the strain-rate 

TABLE 1.  Examples of strain rates used to measure material properties of macroalgae in pull-to-break tests. Notes of the measured structures are based on the 
descriptions in the referenced literature (Ref.). * Studies that compared material properties by tissue age. ** Studies that controlled for tissue age, e.g., by measuring 
tissue at a specific location on the thallus.

Order Species name Structure measured Strain rate (strain/s) Effect of strain rate? Ref.

Fucales Ascophyllum nodosum Frond axis 1 1**
Durvillaea antarctica Stipe 1.67 × 10−3 to 6.67 × 10−3 Not reported 2
Durvillaea willana Stipe 1.67 × 10−3 to 6.67 × 10−3 Not reported 2
Fucus distichus Blade 0.05 3
Pelvetiopsis californica Blade 0.05 3
Pelvetiopsis limitata Branch axis 2.50 × 10−2 to 1.81 × 10−2 No effect on E 4
Silvetia compressa Blade 0.05 3
Turbinaria ornata Stipe 1.6 × 10−2 5

Laminariales Alaria marginata Blade, stipe 0.05 3
Dictyoneurum sp. Blade 0.05 3
Egregia menziesii Rachis 3.33 × 10−3 to 1.58 × 10−2 No effect on E 6**

Rachis 3.33 × 10−3 7*
Rachis 0.05 3

Laminaria digitata Stipe 1.67 × 10−3 to 6.67 × 10−3 Not reported 2
Blade, stipe 1.17 × 10−1 8**

Laminaria hyperborea Stipe 1.67 × 10−3 to 6.67 × 10−3 Not reported 2
Blade, stipe 1.17 × 10−1 8**

Laminaria setchellii Blade 0.05 3
Macrocystis pyrifera Blade, stipe 0.05 3
Nereocystis luetkeana Stipe 0.05 3

Stipe 2.5 × 10−2 to 8.4 10−2 No effect on σ
max

, λ
max

, 
E, or W/V

9**

Postelsia palmaeformis Blade, stipe 0.05 3
Pterygophora californica Blade 3.33 × 10−2 10**
Saccharina latissima 5.56 × 10−3 11

Corallinales Calliarthron cheilosporioides Frond, geniculum 0.05 3
Frond 38 to 61 Not reported 12

Gigartinales Chondracanthus exasperatus Blade 3.0 × 10−3 to 3.0 × 10−2 No effect on σ
max

, λ
max

, 
E, or W/V

13

Chondracanthus harveyanus Blade 0.05 3
Endocladia muricata Stipe 0.05 3
Mazzaella flaccida Blade 0.05 3

Blade 0.19 14
Mazzaella splendens Blade 0.19 14

References: 1Lowell et al., 1991; 2Harder et al., 2006; 3Hale, 2001; 4Wolcott, 2007; 5Stewart, 2006; 6Burnett and Koehl, 2018; 7Burnett and 
Koehl, 2019; 8Henry, 2018; 9Johnson and Koehl, 1994; 10Biedka et al., 1987; 11Vettori and Nikora, 2017; 12Denny et al., 2013; 13Koehl, 2000; 
14Mach, 2009.
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dependence of tissue mechanical properties of macroalgae is 
poorly understood in the context of the range of strain rates en-
countered in their natural habitats.

The mechanical properties of biological tissues can change 
with age (e.g., Meinzer et al., 2011; Derby and Akhtar, 2015; 
Morgan et al., 2018), and a few studies have documented age-
related differences in the material properties of macroalgal tis-
sues (Armstrong, 1988; Johnson and Koehl, 1994; Krumhansl 
et al., 2015; Burnett and Koehl, 2019). Macroalgae and plants are 
composed of tissues of different ages that function together to 
produce the mechanical behavior of the whole organism (e.g., 
Meinzer et al., 2011; Krumhansl et al., 2015). However, under-
standing the mechanical responses of these organisms when 
exposed to ecologically relevant loading patterns requires knowl-
edge of whether tissue age affects the strain-rate dependence 
of mechanical properties.

We used the intertidal kelp Egregia menziesii to test whether 
strain rate within the range experienced in wave-swept hab-
itats affects the material properties of macroalgal tissues of 
different ages. Egregia menziesii is a dominant intertidal kelp 
(Laminariales) on wave-exposed rocky shores along the west 
coast of North America (Abbott and Hollenberg, 1976). An in-
dividual thallus has a single holdfast anchored to the substratum 
and numerous strap-like fronds (Abbott and Hollenberg, 1976). 
Each frond has a rachis that can grow to several meters in length 
and that bears lateral blades and gas-filled pneumatocysts along 
its edges. During an individual’s lifetime, which can be multiple 
years, fronds are frequently broken and replaced by new fronds, 
thus the morphology of the thallus is 
not necessarily indicative of the indi-
vidual kelp’s age (Black, 1974; Demes 
et al., 2013; Burnett and Koehl, 2020). 
Most of a frond’s growth occurs as ex-
tension at its distal intercalary meri-
stem (Fig. 1), so rachis tissue near the 
holdfast is older than rachis tissue near 
the intercalary meristem (Black, 1974). 
Although we have shown that the ma-
terial properties of the rachis of E. men-
ziesii, measured at a single strain rate, 
change along the length of the rachis 
(i.e., change with age) (Burnett and 
Koehl, 2019), the effect of tissue age 
on the strain-rate dependence of those 
properties has not been studied.

The current study goes beyond our 
earlier work to pursue two objectives: (1) 
to test whether strain rate affects the ma-
terial properties of the rachis of E. men-
ziesii and (2) to determine whether the 
effect of strain rate on material properties 
depends on the age of the tissue. Another 
goal of our study was to determine the ef-
fects of strain rates that represent a much 
wider range of ecologically relevant strain 
rates than have been examined previ-
ously for kelp or other macroalgae (Table 
1). The specific questions we addressed 
were: (1) Are there differences in mate-
rial properties of rachis tissue subjected 

to strain rates that mimic those of the impingement versus surge 
stages of a wave hitting the shore? (2) Are the strain-rate dependen-
cies of rachis material properties affected by tissue age?

MATERIALS AND METHODS

Field site and collection

In May 2017, fronds of Egregia menziesii were collected from 
two sites in northern California: 20 fronds were collected from 
Miwok Beach (38°21′25″N, 123°4′2″W) near Bodega, California, 
and 12 fronds were collected from McClures Beach (38°11′3″N, 
122°58′2″W) from the Point Reyes National Seashore. During 
this month, the significant wave heights (average of the 33% larg-
est waves) measured hourly at a buoy near both sites were 2.1 m 
(mean; minimum = 0.8 m; maximum = 5.1 m; Buoy 46013, www.
ndbc.noaa.gov). In a concurrent study, material properties of 
E. menziesii were compared between sites and found to be similar 
(Burnett and Koehl, 2019). At each site, fronds were collected by 
walking along a transect parallel to the shoreline and haphazardly 
removing a frond from every third E. menziesii encountered. Fronds 
were only collected if they were ≥40 cm long, unwounded (i.e., 
no damage from herbivores), and had their intercalary meristem 
(Burnett and Koehl, 2019). Fronds were stored in a cooler between 
11° and 15°C with just the water that was trapped on the fronds 
and transported to UC Berkeley. Material properties were measured 
within 12 h.

FIGURE 1.  Anatomy of a frond of Egregia menziesii. The terminal lamina, intercalary meristem, rachis, 
and lateral blades are labeled. Tissue near the intercalary meristem is younger than tissue far from the 
meristem.
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Measuring material properties

We measured the material properties of rachis tissue by conduct-
ing tensile stress–strain tests (as detailed by Koehl and Wainwright, 
1985). A Model 5544 Instron materials-testing machine (Instron, 
Norwood, MA, USA) was used to pull on a section of rachis at a 
defined strain rate until it broke, while simultaneously measuring 
the specimen extension and the force with which it resisted the de-
formation. We define “strain rate” as the change in length per time of 
a sample divided by the sample’s original length. We use engineer-
ing stress–strain definitions, which are common in studies of mac-
roalgal mechanics, where “engineering stress” is defined as the force 
acting on a sample divided by the sample’s original cross-sectional 
area, and “engineering strain” is the total change in the sample’s 
length divided by the sample’s original length. In studies of mac-
roalgal mechanics, engineering strain is often reported as extension 
ratio, which is the total length of the sample divided by the sam-
ple’s original length (i.e., engineering strain + 1), and we follow this 
convention here. We also consider the true stress–strain definitions, 
which are appropriate for materials that are highly deformable, in-
cluding macroalgal tissue: “True stress” is the instantaneous force 
acting on a sample divided by the sample’s instantaneous cross-
sectional area, and “true strain” is the instantaneous extension of the 
sample relative to the previous instantaneous length, which is cal-
culated as ln(1 + engineering strain) (Vincent, 2012). We calculated 
the instantaneous cross-sectional area of the sample by dividing 
the sample’s volume, which remains constant, by its instantaneous 
length. A variety of material properties can be calculated from the 
resulting stress–strain curve, whether represented as engineering 
stress–strain or true stress–strain (Fig. 2).

We measured material properties of E. menziesii rachis tissue of 
different ages. For each frond, we cut sections (10 cm long) of the in-
tact rachis at specific distances from the intercalary meristem, where 
distance from meristem indicates tissue age (Burnett and Koehl, 
2019): 0 to 10 cm, 20 to 30 cm, 40 to 50 cm, and 60 to 70 cm. For 
simplicity, we will hereafter refer to these rachis regions by the mean 
distance of each sample from the intercalary meristem (i.e., 5, 25, 45, 

and 65, respectively). Some fronds were not long enough to provide 
tissue at each region. The ends of each sample were wrapped with 
pieces of paper towel that were affixed to the specimen by cyano-
acrylate glue to prevent slipping in the grips of the Instron. Each 
sample was then secured in the grips of the Instron and strain was 
applied at a fixed rate (see below) until the sample failed. The force 
with which the sample resisted the strain was measured at 10 Hz 
to the nearest 0.1 N, and the extension of the sample was based on 
the distance between the Instron’s clamps. The cross section of the 
sample next to the break location was then photographed, and its 
area (A) was measured using ImageJ software v1.52g (U.S. National 
Institutes of Health, Bethesda, MD, USA).

We used the measurements of force (F) and change in sample 
length ΔL, along with the sample’s cross-sectional area (A) and orig-
inal length (Lo), to construct an engineering stress–strain curve and 
true stress–strain curve for each sample (Fig. 2). We then calculated 
four pairs of material properties for each sample, with one set based 
on engineering stress–strain curves and the other set based on the 
true stress–strain curves: (1) Tensile strength, σmax is the stress (F/A) 
at which the sample broke; (2) extensibility, λmax, is the strain at 
which the sample broke; (3) elastic modulus, E, is the slope of the 
initial linear portion of the stress–strain curve between strains 0.0 
and 0.1; (4) yield stress, σyield, is the stress at which the sample ex-
hibited plastic deformation after it was extended beyond the range 
of its elastic behavior. Yield stress was identified by fitting a cubic 
spline regression model to the stress–strain curve and finding the 
stress at which the rate of change in stress per change in strain was 
lowest (i.e., where the sample suddenly started deforming without 
a proportional increase in stress). We also calculated (5) work per 
volume to fracture, W/V, which is the mechanical work to fracture 
the sample normalized by the sample’s volume (ALo), as the total 
area under the stress–strain curve (i.e., it is independent of whether 
the curve is presented as engineering vs. true stress–strain). Often, 
W/V is referred to as “toughness”.

Strain rates

Intertidal kelp like E. menziesii that live on wave-swept shores en-
counter a wide range of water flow conditions that vary with tide 
and season. For this study, we focused on two strain rates that 
were chosen to represent strain rates encountered by E. menziesii 
exposed to breaking waves that typically occur in late spring and 
summer (Burnett and Koehl, 2019): a high strain rate that could 
occur during wave impingement and a low strain rate that could 
occur during wave surge. Each frond was randomly assigned a 
strain rate, and all samples from that frond were measured at the 
same strain rate. In situ measurements of hydrodynamic forces on 
whole E. menziesii showed that loads during the surge portion of 
waves can increase at rates of approximately 10 N/s (Gaylord et al., 
2008). From preliminary stress–strain measurements of E. menziesii 
rachis tissue, we found that a loading rate of 10 N/s corresponds to 
a strain rate of approximately 3.33 × 10−3/s. In situ measurements of 
water accelerations during complete wave cycles showed that wa-
ter accelerates on the order of 100 m/s2 during wave impingement 
and on the order of 1 m/s2 during wave surge (Gaylord, 1999). We 
estimated that the water accelerations during impingement that 
are 100-fold higher than during wave surge could produce loading 
and strain rates in E. menziesii that are 100 times greater than the 
rates experienced during wave surge. Therefore, to simulate strain 
that could occur during wave impingement, we used a strain rate of 

FIGURE 2.  Comparison of true and engineering stress–strain curves 
constructed from the same pull-to-break test on rachis tissue of Egregia 
menziesii. For reference, the break points (filled circles) and yield points 
(open circles) are shown for each curve.
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3.33 × 10−1/s during stress–strain tests on 
E. menziesii rachis tissue. It is important 
to note that these two strain rates, 3.33 × 
10−3/s and 3.33 × 10−1/s, are not the only 
strain rates that may occur during wave 
surge and wave impingement, respec-
tively, because waves are highly variable 
across space and time (O’Donnell and 
Denny, 2008), and many factors influ-
ence the specific strain rates that occur 
in different regions of the kelp’s tissues 
(e.g., the kelp’s position in the water, the 
length of the kelp) (Koehl, 1986, 1999). 
Instead, these two strain rates represent a 
range of strain rates that could occur as a 
wave passes over the kelp, but which has 
not been examined for its effects on the 
kelp’s material properties.

Statistical analyses

Each material property was compared 
between the low and high strain rates us-
ing Student’s t-test with a critical P-value 
of 0.05. Separate analyses were done for 
each tissue region (i.e., distance from the 
intercalary meristem) because material 
properties are known to change along the 
length of the rachis (Burnett and Koehl, 
2019). All analyses were done in the R en-
vironment (R Core Team, 2020).

RESULTS

Strain rate affected certain mechan-
ical properties of the rachis tissue of 
Egregia menziesii, and effects of strain 
rate were independent of whether ma-
terial properties were calculated from 
engineering stress–strain curves or true 
stress–strain curves (Fig. 3). The elas-
tic modulus (E) of tissues of all ages (i.e., 
all distances from the intercalary mer-
istem) was greater at the high strain 
rate of wave impingement than at the 
lower strain rate of wave surge (engi-
neering: t ≥ 3.10, df ≥ 15.94, P < 0.005; 
true: t ≥ 3.07, df ≥ 15.93, P ≤ 0.005). 
In contrast, the tensile strength (σmax) 
of rachis tissue was greater at the high 
strain rate only for young tissue (i.e., 
5, 25, 45 cm from the meristem) (engi-
neering: t ≥ 2.99, df ≥ 22.69, P ≤ 0.006; 
true: t ≥ 2.74, df ≥ 19.10, P < 0.011) but 
not for older tissue 65 cm from the mer-
istem (engineering: t = 1.34, df = 14.1, 

FIGURE 3.  Material properties of Egregia menziesii rachis tissue measured at two strain rates. 
Material properties are calculated based on both engineering stress–strain curves (A, C, E, G) and true 
stress–strain curves (B, D, F, H), with equivalent properties plotted on the same row. Extensibility (A, 
B), tensile strength (C, D), elastic modulus (E, F), yield stress (G, H), and work per volume to fracture (I) 
are plotted as a function of the tissue’s distance from the intercalary meristem, which correlates with 
the tissue’s age (Burnett and Koehl, 2019). Gray symbols show the mean for tissues pulled at the high 
strain rate, 3.33 × 10−1/s (corresponding to the impingement stage of a wave); white symbols show 
the mean for tissues pulled at the low strain rate, 3.33 × 10−3/s (corresponding to the surge stage of a 
wave). Error bars show one standard deviation; asterisks show tissue regions where strain rate had a 
significant effect on the material property (Student’s t-test, P < 0.05 for significance). (J) Sample sizes 
(number of kelp) for each strain rate and tissue region.
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P = 0.201; true: t = 0.71, df = 13.59, P = 0.491). Yield stress (σyield) of 
rachis tissue was greater at the high strain rate for younger tissue 
5 and 25 cm from the meristem (engineering: t ≥ 3.84, df ≥ 26.84, 
P < 0.005; true: t ≥ 3.77, df ≥ 2.28, P < 0.005) but not for older tissue 
45 and 65 cm from the meristem (engineering: t ≤ 1.31, df ≤ 15.34, 
P ≥ 0.202; true: t ≤ 0.81, df ≤ 14.87, P ≥ 0.130). Similarly, toughness 
(work per volume to fracture, W/V) was greater at the high strain 
rate than at the low strain rate for the younger tissue 5 and 25 cm 
from the meristem (t ≥ 2.57, df ≥ 17.12, P ≤ 0.020), while the W/V 
of older tissue (i.e., 45 and 65 cm from the intercalary meristem) 
was unaffected by strain rate (t ≤ 1.85, df ≤ 28.55, P ≥ 0.074). Thus, 
all the rachis tissue was stiffer at the high strain rate of wave im-
pingement than at the low strain rate of wave surge, but only the 
young tissue was more resistant to breaking and yielding at the 
high strain rate than at the low strain rate.

Only one material property was independent of strain rate in 
rachis tissue of all ages (Fig. 3). Each tissue region showed no effect 
of strain rate on extensibility (λmax) (engineering: t ≤ 2.00, df ≤ 29.92, 
P ≥ 0.055; true: t ≤ 2.02, df ≤ 29.96, P ≥ 0.054).

DISCUSSION

To survive in wave-swept habitats, fronds of Egregia menzie-
sii must withstand the hydrodynamic forces from ambient wa-
ter motion. We found that the age of rachis tissue affects whether 
high strain rate reduces breakability. Specifically, we found that 
young tissue (near the meristem) of E. menziesii fronds increased 
its tensile strength (σmax), resistance to plastic deformation (σyield), 
and toughness (i.e., work per volume to fracture, W/V) under 
high strain rate (Fig. 3C, G, I). This pattern can affect the sur-
vival of fronds because the highest strain rates and largest hy-
drodynamic forces can occur during the impingement portion 
of a wave (Gaylord, 1999; Gaylord et al., 2008; but see Jensen 
and Denny, 2015), and the young tissue is the weakest point on 
a frond (i.e., has the lowest σmax) (Burnett and Koehl, 2019). The 
strain-rate dependence of σmax allows young tissue to have nearly 
the same σmax as old tissue when the frond is strained rapidly 
by hydrodynamic forces (Fig. 3A). The strain-rate dependence 
of σyield and W/V in young tissue also allows the young tissue to 
have more resistance to plastic deformation and be tougher (i.e., 
requiring more mechanical work to break), respectively, when 
strained quickly than when strained slowly. The spatial pattern 
of σmax, σyield, and W/V likely exists because material properties 
depend on the tissue’s cellular structure, and features such as cell 
wall thickness increase with age (Starko et al., 2018). Therefore, 
the strain rate-dependence of σmax, σyield, and W/V allows young 
tissue to have a similar mechanical behavior to old tissue when 
strained rapidly, despite not having the same underlying cellular 
architecture, and this, in turn, can help the whole frond survive 
high strain rates and rapid onsets of large hydrodynamic forces, 
such as those that may occur in impinging waves.

Old tissue in fronds of E. menziesii is already much stronger 
than the hydrodynamic forces it experiences in nature, so if a frond 
breaks from excessive hydrodynamic forces, it will likely break in 
the weak young tissue (Friedland and Denny, 1995; Burnett and 
Koehl, 2019). The strain-rate dependence of σmax, σyield, and W/V 
in the young tissue of fronds can benefit the entire kelp because 
it minimizes the risk that the young tissue will break when rapidly 
subjected to hydrodynamic forces. Breakage of E. menziesii fronds 

removes their intercalary meristems and prevents further frond 
growth (i.e., elongation), although new fronds can grow out of the 
remaining frond tissue (Black, 1974). Breakage of numerous fronds 
on a single kelp can reduce its growth rate and long-term survival 
(Burnett and Koehl, 2020), so the strain-rate dependence of σmax, 
σyield, and W/V in only a few vulnerable regions of frond tissue 
can benefit the entire organism’s performance. Strain-rate depen-
dent material properties that enhance the mechanical behavior of 
young tissue may be more pronounced in macroalgal species where 
the majority of thallus tissue is grown from a basal meristem (i.e., 
young tissue is near the holdfast, old tissue is near the alga’s distal 
tip) so that mechanical stresses are larger in young, proximal tissue 
than in old, distal tissue (Krumhansl et al., 2015).

The mechanical work required to break a kelp depends in part 
on the toughness of its tissues. Kelp tissue can be tough (i.e., have a 
high W/V) by being strong (i.e., having a high σmax) and/or by be-
ing extensible (i.e., having a high λmax), and tissues that yield before 
breaking can be tough by absorbing mechanical energy by plastic 
deformation (e.g., Koehl, 1982, 1984; Janot and Martone, 2016). The 
σmax , σyield, and W/V (but not λmax) of the rachis tissue in E. menzie-
sii tends to increase with tissue age, suggesting that tissue strength 
contributes more than extensibility to the age-related increase in 
toughness. Rachis tissue of E. menziesii at all ages is highly exten-
sible. Having a high λmax can allow the rachis to deform and ab-
sorb mechanical energy during brief pulses of rapid water motion. 
If the pulse of high load is very brief, as during wave impingement, 
then the extensible rachis tissue may not be stretched far enough to 
reach its breaking stress, as observed in the kelp Nereocystis luet-
keana (Koehl and Wainwright, 1977). Thus, although strength and 
toughness of rachis tissue increase with age, the high extensibility 
of the rachis at all ages helps protect it from breakage during brief 
pulses of rapid water motion.

Here, we showed that the material properties of E. menziesii 
rachis tissue are not static traits but instead depend on the rate at 
which they are strained. We also showed that these strain-rate de-
pendencies change with the tissue’s age. Young rachis tissue (i.e., 
near the meristem) displayed increased strength, resistance to plas-
tic deformation, and toughness when strained rapidly (simulating 
wave impingement) than when strained slowly (simulating wave 
surge), whereas old rachis tissue (i.e., far from the meristem) did 
not show the same effects of strain rate. Young rachis tissue is typi-
cally the weakest tissue on a frond, and breakage of the young tissue, 
which is coupled with the loss of the frond’s meristem, can reduce 
a kelp’s growth and survival. Therefore, we conclude that the entire 
kelp benefits from having strain-rate dependencies in the young, 
weak tissue of fronds that enhance that tissue’s mechanical resis-
tance to breakage during the rapid onset of hydrodynamic forces 
and strains, such as those that occur in crashing waves.
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