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INTRODUCTION

Seaweeds are widely assumed to exhibit phenotypic 
plasticity across a range of environmental gradients 
(e.g., Blanchette et  al.,  2002; Díaz-Tapia et  al.,  2020; 
Duggins et  al.,  2003; Kalvas & Kautsky,  1993; Miller 
et al., 2011), including those of hydrodynamic forcing. 
Indeed, many marine macroalgae show conspicuous 

patterns of intraspecific phenotypic variability across 
gradients of water motion. Patterns commonly as-
sociated with increased wave or current exposure 
include the adoption of narrower, “streamlined” mor-
phologies (Armstrong,  1989; Blanchette et  al.,  2002; 
Buck & Buchholz,  2005; Duggins et  al.,  2003; Koehl 
& Alberte,  1988), reduction in thallus size (e.g., 
Blanchette, 1997; Wolcott, 2007), fortification of support 
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Abstract
Seaweeds are widely assumed to be phenotypically plastic across hydro-
dynamic gradients, yet while many marine macroalgae exhibit intraspecific 
phenotypic variation that correlates with flow, researchers often fail to test 
whether such variation is due to plasticity or another mechanism, such as 
local adaptation. In this minireview, we considered mechanisms for sensing 
flow in seaweeds that could facilitate adaptive phenotypic plasticity across 
hydrodynamic gradients. We then reviewed the literature from 1900 to 2024 
to see how often phenotypic variation and plasticity across hydrodynamic 
gradients had been observed and demonstrated in different groups of sea-
weeds. In the last 124 years, phenotypic variation and plasticity in response 
to flow have been well documented in brown algae but scarcely documented 
in red and green algae. This could suggest that brown algae are better able 
to sense and respond to flow than red and green algae, perhaps due to the 
intercalary meristem of many brown algae, including most kelps. However, 
this skewed distribution could also be the result of publication bias, as most 
studies involving flow have been conducted on brown algae. Only 30% of 141 
papers specifically investigated if observations of phenotypic variation along 
hydrodynamic gradients were due to plasticity. To date, phenotypic plasticity 
in response to flow has been demonstrated in 20 brown algal species, five 
red algal species, and two green algal species. Thus, the assumption that 
phenotypic plasticity to flow is common across seaweeds is not particularly 
well supported by the literature. Mechanisms underlying plasticity to flow are 
poorly understood and remain a critical avenue for future research.
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tissues (Armstrong,  1987; Blanchette et  al.,  2002; 
Johnson & Koehl,  1994; Kitzes & Denny,  2005), 
and increasing attachment strength (Jackelman & 
Bolton, 1990; Kawamata, 2001). These patterns have 
been largely interpreted as adaptive phenomena fa-
cilitating increased endurance of seaweeds to in-
creasing water motion through either drag reduction 
or increased resistance to breakage or detachment 
(Armstrong,  1987; Blanchette et  al.,  2002; Koehl & 
Alberte, 1988; Starko & Martone, 2016; Wolcott, 2007). 
However, such variation is not necessarily indicative of 
phenotypic plasticity.

Phenotypic plasticity refers to trait variation induced 
by the environment (Stearns, 1989). It may be adaptive 
or not (Ghalambor et al., 2007; Padilla & Adolph, 1996; 
Smith-Gill, 1983; Stearns, 1989), and it may result from 
either active facilitation by the organism (i.e., a devel-
opmental pathway triggered by an environmental cue 
that the organism senses and responds to physiolog-
ically; Harvell, 1984; Krueger & Dodson, 1981; Smith-
Gill, 1983) or passive environmental impact (i.e., physical 
damage caused by external factors; Blanchette, 1997; 
Smith-Gill, 1983; Wolcott, 2007). Developmental plas-
ticity resulting from active facilitation is most likely to be 
adaptive, as the evolution of a targeted response to the 
environment and a complex developmental pathway 
likely reflect some form of selection (Smith-Gill, 1983). 
Conversely, plasticity resulting from mechanical dam-
age is presumably not under organismal control, in-
stead reflecting a passive response to environmental 
factors. Although damage ultimately depends upon or-
ganismal morphology or biomechanical properties that 
might be products of selection (e.g., Demes et al., 2013; 
Stewart, 2006), mechanical failure of predetermined 
weak points does not require active physiological re-
sponse to the physical environment, and such passive 
phenotypic changes cannot be assumed to be adap-
tive (Smith-Gill, 1983). Phenotypic plasticity should be 
contrasted with genetic differentiation, which refers to 
genetically fixed differences between individuals or 
populations that do not change with the environment 
(Alpert & Simms, 2002). When genetic differences have 
a positive effect on organismal fitness in a specific en-
vironment, it can be termed local adaptation (Kawecki 
& Ebert, 2004). Both adaptive plasticity and local adap-
tation are evolutionary strategies for dealing with envi-
ronmental heterogeneity and can increase organismal 
fitness in certain conditions; however, the adoption of 
flexible versus fixed phenotypes is thought to be differ-
entially favored depending on selective circumstances 
(Alpert & Simms,  2002; Ghalambor et  al.,  2007). 
Local adaptation, for instance, is hypothesized to be 
most advantageous when immediate environmen-
tal conditions are relatively stable, whereas plasticity 
is thought to be most advantageous when organisms 
are subject to greater temporal or spatial heterogene-
ity (Cook & Johnson, 1968). Ultimately, seaweeds that 

are phenotypically plastic to flow conditions, adjusting 
morphology or material properties in response to the 
hydrodynamic environment, may be better able to sur-
vive and grow when flow conditions change, produce 
offspring that can adjust and thrive in many different 
flow environments, and inhabit a wider range of current 
or wave exposures.

Although many studies have observed intraspecific 
variation in seaweeds across hydrodynamic gradients, 
most have not investigated whether variation is due to 
plasticity or genetic differentiation (Armstrong,  1989; 
Duggins et al., 2003; Jackelman & Bolton, 1990; Kitzes 
& Denny, 2005). So, can it really be assumed that plas-
ticity induced by water motion is common in seaweeds? 
In this minireview, we first consider cue sensing and 
response mechanisms that might underlie phenotypic 
plasticity across hydrodynamic gradients in seaweeds. 
We then review the literature to quantify the frequency 
of published observations of intraspecific phenotypic 
variation and verified phenotypic plasticity across hy-
drodynamic gradients in different groups of seaweeds. 
Differentiating between phenotypic plasticity and ge-
netic differentiation can lend insight into species ecol-
ogy and raise new research questions. Because these 
two phenomena arise through unique selective condi-
tions (Alpert & Simms, 2002; Ghalambor et al., 2007), 
determining whether phenotypic variation reflects one 
or the other can provide insight into trait evolution (e.g., 
Demes & Pruitt,  2019; Fowler-Walker et  al.,  2006; 
Roberson & Coyer,  2004). Moreover, differentiating 
between plastic and genetically fixed phenotypes is 
essential for taxonomic studies, as mistaking one for 
the other can lead to incorrect species designations 
(e.g., Belton et al., 2014; Demes et al., 2009; Garbary 
et al., 1978; Hind et al., 2014). A clear understanding of 
macroalgal responses to environmental variation can 
also help researchers predict how organisms may fare 
in a changing climate (e.g., Richter et al., 2012; Sheth & 
Angert, 2014; Supratya et al., 2020).

MECHANISMS FOR SENSING FLOW

Reliable environmental cues are critical for the evolu-
tion of adaptive plasticity (DeWitt,  1998; Ghalambor 
et al., 2007; Levins, 1963; Reed et al., 2010), and such 
cues are only valuable if organisms can sense them 
(Getty, 1996; Schlichting & Smith, 2002; Smith, 1990). 
Therefore, in order for seaweeds to evolve adaptive 
plasticity across hydrodynamic gradients, there would 
need to be (1) chemical or mechanical cues indica-
tive of flow speed and (2) biological mechanisms for 
sensing and responding to those cues. Unfortunately, 
we know very little about the mechanisms underlying 
observed phenotypic plasticity across hydrodynamic 
gradients in seaweeds. Here, we consider several dif-
ferent environmental cues, detection mechanisms, and 

 15298817, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13503, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fjpy.13503&mode=


1060  |      COLEMAN and MARTONE

organismal responses that might facilitate phenotypic 
plasticity in seaweeds.

The only environmental cue that has been explicitly 
demonstrated to mediate plasticity across flow gra-
dients in seaweeds is mechanical loading imposed 
by drag. This phenomenon was first observed in the 
kelp Saccharina latissima by Gerard  (1987), who ob-
served that longitudinal tension continuously applied to 
kelp blades caused them to grow narrower and longer. 
These morphological changes were consistent with 
those observed in several kelp species following field 
transplants between areas of differing wave exposure 
(e.g., Gerard & Mann, 1979; Norton, 1969; Pace, 1972; 
Sundene, 1964), so researchers widely concluded that 
drag was likely the cue being sensed by kelps to initiate 
flow-induced plasticity. Associations between mechan-
ical forces and plasticity have since been demon-
strated in the kelp Nereocystis luetkeana (Coleman & 
Martone, 2020; Koehl et al., 2008; Koehl & Silk, 2021; 
Supratya et al., 2020).

One way for drag-induced mechanical loading to be 
an effective indicator of flow speed would be for thalli to 
have tissue distal to meristems that could act as a drag 
element tugging on actively dividing cells (Figure 1a). 
This condition would be best met in seaweed thalli 
exhibiting intercalary or diffuse growth. Coleman and 
Martone  (2020) observed that Nereocystis luetkeana 
thalli would only adjust blade morphology when tension 
was applied directly to intercalary meristems at the 
base of blades, suggesting that cue sensing and plas-
ticity were spatially confined to meristematic cells. This 
result raises questions about the ability of seaweeds 
with apical growth, such as most red algae and fucoid 
brown algae (Figure 1b; Graham et al., 2017), to sense 
drag and exhibit adaptive plasticity to flow. Perhaps, 

unlike Nereocystis, other seaweeds sense mechanical 
cues in proximal non-growing regions of their thalli and 
communicate those cues to meristem regions via long-
distance signaling mechanisms, such as hormones. 
Although we know hormones contribute to growth and 
development in marine macroalgae (Basu et al., 2002; 
Coleman,  2021; de Nys et  al.,  1990; Hart,  1982; Kai 
et  al.,  2006; Tarakhovskaya et  al.,  2007), hormone 
activity in algae remains largely mysterious, and no 
research to date has connected mechanical cues to 
hormone activity. Alternatively, cell-to-cell communica-
tion of mechanical cues could be facilitated by elec-
trical signaling. Touch stimuli in the freshwater green 
alga Chara can trigger a cascade of action potentials in 
adjacent algal cells (e.g., Iwabuchi et al., 2007; Kaneko 
et al., 2009), suggesting that drag sensed by proximal 
tissue could conceivably be communicated by electri-
cal signals to an apical meristem. However, this kind 
of electrophysiological phenomenon is unknown in 
seaweeds.

Phenotypic plasticity across flow gradients could 
also be regulated through chemical cues. One way for 
such cues to be an effective indicator of flow speed 
would be through the effects of the diffusion bound-
ary layer (DBL), a concentration gradient that forms 
within the viscous layer of fluid along the surface of all 
aquatic organisms, including seaweeds (Hurd, 2000). 
When flow speeds are relatively slow, the DBL around 
macroalgal thalli becomes thick, which can reduce 
mass transfer, that is, diffusion rates of nutrients, 
gases, and other chemicals in and out of algal tissue 
(reviewed in Hurd, 2000). However, as flow speed in-
creases, DBL thickness decreases, which increases 
rates of mass transfer (Gerard, 1982; Hurd et al., 1996; 
Wheeler, 1980). Such flow-induced variation in chemi-
cal diffusion is utilized by fucoid brown algae for sens-
ing water motion during reproduction. The brown algae 
Fucus distichus and Pelvetia compressa use dissolved 
inorganic carbon (DIC) depletion within the DBL as a 
trigger for gamete release, which allows these sea-
weeds to coordinate reproductive output during low 
tides and avoid turbulent water motion that would neg-
atively impact settlement (Levitan et al., 1992; Pearson 
et al., 1998; Pennington, 1985). A similar DBL-mediated 
chemical cue could potentially regulate phenotypic 
plasticity in response to water motion. However, once 
flow reaches approximately 20 cm · s−1, the DBL is 
effectively minimized and mass transfer becomes 
saturated (Hurd,  2000). Therefore, a DBL-mediated 
mechanism would be most useful at flow velocities less 
than 20 cm · s−1, as algae may not be able to sense 
changes in flow directly if mass transfer were satu-
rated. Given that intertidal water velocities routinely 
exceed 200 cm · s−1 along wave-sheltered coastlines 
and 2000 cm · s−1 at wave-exposed coastlines (Denny 
et al., 2003; Denny and Gaylord, 2002), it is difficult to 
imagine that DBL-mediated variation in diffusion rates 

F I G U R E  1   Spatial distribution of drag experienced by two 
seaweeds with different meristem types. (a) Saccharina latissima 
has an intercalary meristem that would experience drag imposed 
on the entire distal blade, while (b) Fucus distichus has apical 
meristems with no distal tissue. Meristems are indicated by *.
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could explain phenotypic variation among wave expo-
sures. Nevertheless, at faster flow speeds, seaweeds 
may be able to sense changes in flow using chemicals 
that exist at very low concentrations in the water. As 
flow velocity increases, rare chemicals could be de-
livered at higher rates, which could theoretically allow 
seaweeds to detect and respond to changes in water 
motion. More research is needed on the involvement 
of chemical cues in mediating phenotypic plasticity 
across hydrodynamic gradients.

PREVALENCE OF PHENOTYPIC 
PLASTICITY ACROSS 
HYDRODYNAMIC GRADIENTS IN 
SEAWEEDS

We reviewed over 100 years of phycological literature 
(1900–2024) to investigate the general assumption that 
phenotypic plasticity across hydrodynamic gradients is 
common in seaweeds. We quantified (1) observations 
of intraspecific variation across hydrodynamic gradi-
ents, (2) experiments specifically testing for phenotypic 
plasticity in response to flow, and (3) demonstrations of 
phenotypic plasticity across hydrodynamic gradients. 
We considered plasticity to be demonstrated if manip-
ulating flow conditions (actual or simulated) had a sta-
tistically significant effect on an observed phenotype. 
Demonstrations of phenotypic plasticity that resulted 
solely from damage were noted; all other documented 
cases of plasticity were considered to be possible in-
stances of developmental plasticity. See Appendix S1 in 
the Supporting Information for details of review methods.

Despite broad claims that phenotypic plasticity to 
flow is common in seaweeds, there was mixed evi-
dence for its prevalence in the phycological literature. 
We found 141 papers documenting intraspecific phe-
notypic variation across hydrodynamic gradients in 60 
species of seaweed (Table 1). These included 43 spe-
cies of brown algae, 12 species of red algae, and five 
species of green algae. The origin of observed pheno-
typic variation was investigated in 30 species (50% of 
the total; Table 2) across 42 papers (30% of the total). 
Most studies that demonstrated phenotypic plasticity 
used field-based manipulative experiments, including 
transplantations. Phenotypic plasticity was identified in 
27 species, including 20 species of brown algae, five 

species of red algae, and two species of green algae. 
Of these species, plasticity was attributed to mechan-
ical damage (i.e., not development) in two brown algal 
species, one red algal species, and one green algal 
species. Plasticity was tested for but not found in four 
brown algal species, one red algal species, and no 
green algae.

Our review uncovered inconsistent evidence for wide-
spread phenotypic plasticity across hydrodynamic gra-
dients in seaweeds. Although we did find an abundance 
of papers documenting both intraspecific trait variation 
and plasticity in brown algae, particularly in kelps, we un-
covered fewer examples of such variation and plasticity 
in red and green algae. Only five species of red algae 
were observed to be phenotypically plastic, with one of 
those species observed to be passively plastic from me-
chanical damage (Steneck & Adey, 1976). Furthermore, 
only two species of green macroalgae, Codium fragile 
and Caulerpa okamurae, were observed to be plastic 
across flow gradients, and the plasticity observed in 
Codium was attributed by the authors to passive me-
chanical damage (Bégin & Scheibling, 2003; D'Amours 
& Scheibling,  2007; Fralick & Mathieson,  1972; Kang 
et al., 2024). That more observations of phenotypic plas-
ticity were made in brown algae than in red and green 
algae is supported by a previous systematic review 
on plasticity (Padilla & Savedo,  2013), which covered 
a wider range of plasticity in algae and did not specif-
ically consider responses to flow. Overall, the evidence 
of phenotypic plasticity in response to water motion 
occurring in red and green algae is limited, calling into 
question the assumption that this phenomenon is wide-
spread. Could plasticity in response to water motion be 
common in brown algae but rare in red and green algae, 
perhaps due to differences in thallus construction that 
may facilitate or complicate sensing and responding to 
flow? For example, as discussed above, intercalary mer-
istems could make kelps better able to detect changes 
in flow velocity than other seaweeds. Unfortunately, at 
the present time, it is not possible to determine whether 
the numerous examples of brown algal plasticity reflect 
brown algae being more plastic or simply being studied 
more frequently. Ultimately, to clarify whether plasticity 
across flow gradients is more common in brown algae 
than in other macroalgal groups, additional manipulative 
experiments testing the ability of red and green algae to 
respond to flow are needed.

TA B L E  1   Summary of literature on phenotypic plasticity in seaweeds across hydrodynamic gradients (January 1900 to June 2024).

Group
Total 
papers

Total 
species

Species where 
plasticity tested

Species where 
plasticity found

Species where plasticity 
due to damage

Species where 
plasticity not found

Brown algae 118 43 22 20 2 4

Red algae 16 12 6 5 1 1

Green algae 7 5 2 2 1 0

Total 141 60 30 27 4 5
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TA B L E  2   Summary of macroalgal species in which plasticity to flow has been experimentally tested.

Group Species Publication Phenotype Plasticity

Brown algae Dictyoneurum californicum Ramsay (2019) Morphology Yes

Dictyoneurum reticulatum Ramsay (2019) Morphology Yes

Dictyopteris undulata Stewart and Carpenter (2003) Morphology Yes

Ecklonia radiata Fowler-Walker et al. (2006) Morphology Yes

Egregia menziesii Blanchette et al. (2002) Morphology No

Hackney et al. (1994) Cellular Yes

Kraemer and Chapman (1991a) Cellular Yes

Kraemer and Chapman (1991b) Cellular, biomechanical Yes

Eisenia arborea Roberson and Coyer (2004) Morphology No

Fucus distichus Blanchette (1997) Morphology Damage only

Sideman and Mathieson (1985) Morphology No

Fucus vesiculosus Molis et al. (2015) Biomechanical Yes

Laminaria digitata Sundene (1961) Morphology Yes

Sundene (1964) Morphology Yes

Laminaria hyperborea Svendsen and Kain (1971) Morphology Yes

Lessonia trabeculata Venegas et al. (1993) Cellular Yes

Macrocystis pyrifera Druehl (1978) Morphology Yes

Druehl and Kemp (1982) Morphology Yes

Pace (1972) Morphology Yes

Nereocystis luetkeana Coleman and Martone (2020) Morphology Yes

Koehl and Silk (2021) Morphology Yes

Koehl et al. (2008) Morphology Yes

Supratya et al. (2020) Morphology Yes

Saccharina japonica Kawamata (2001) Morphology, biomechanical Yes

Sato et al. (2017) Morphology Yes

Saccharina latissima Buck and Buchholz (2005) Morphology Yes

Gerard (1987) Morphology Yes

Kregting et al. (2023) Morphology Yes

Peteiro and Freire (2011a) Morphology Yes

Peteiro and Freire (2013) Morphology Yes

Saccharina longicruris Gerard and Mann (1979) Morphology Yes

Saccorhiza polyschides Norton (1969) Morphology Yes

Sargassum cymosum De Paula and De Oliveira (1982) Morphology No

Sargassum muticum Andrew and Viejo (1998) Morphology Damage only

Turbinaria ornata Stewart (2006) Morphology Yes

Undaria pinnatifida Nanba et al. (2011) Morphology Yes

Peteiro and Freire (2011b) Morphology Yes

Zonaria farlowii Stewart and Carpenter (2003) Morphology Yes

Green algae Caulerpa okamurae Kang et al. (2024) Morphology Yes

Codium fragile Bégin and Scheibling (2003) Morphology Damage only

D'Amours and Scheibling (2007) Morphology Damage only

Fralick and Mathieson (1972) Morphology Damage only

Red algae Chondrus crispus Chen and Taylor (1980) Morphology No

Floc'h (1969) Morphology No

Devaleraea ramentacea Munda (1977) Morphology Yes

Lithophyllum kaiseri Steneck and Adey (1976) Morphology Damage only

Mazzaella linearis Shaughnessy (2004) Morphology Yes

Mazzaella splendens Shaughnessy (2004) Morphology Yes

Pyropia abbottiae Hannach and Waaland (1989) Morphology Yes

Note: Studies that found plasticity (“yes”) are considered possible examples of developmental plasticity, unless solely determined to be the result of passive 
mechanical damage (“damage only”). Studies that found no evidence of plasticity are also indicated (“no”).
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Our literature review yields a new perspective on the 
putative importance of an intercalary meristem in brown 
algae for sensing and responding to flow. Although 
many species of brown algae have demonstrated plas-
ticity in blade morphology when flow is manipulated 
(e.g., Buck & Buchholz,  2005; Druehl & Kemp, 1982; 
Fowler-Walker et al., 2006; Gerard & Mann, 1979; Koehl 
et al., 2008), a few species have not. One of these is the 
feather boa kelp, Egregia menziesii. Although this alga 
develops smaller bladelets and thicker rachi in wavier 
environments (Abbott & Hollenberg, 1976; Blanchette 
et  al.,  2002; Henkel et  al.,  2007), transplantation ex-
periments have failed to attribute this variation to plas-
ticity (Blanchette et al., 2002). Interestingly, unlike other 
kelps, Egregia has an unusual intercalary meristem that 
moves distally as thalli mature (Burnett & Koehl, 2020). 
This thallus construction may interfere with the ability of 
the intercalary meristem of Egregia to sense flow, sim-
ilar to an apical meristem, which could explain the lack 
of observed plasticity. It should be noted, however, that 
this species does show plasticity in material proper-
ties and cytological characteristics in response to me-
chanical stimulation (Hackney et al., 1994; Kraemer & 
Chapman, 1991a, 1991b). In addition, very few studies 
have demonstrated plasticity in non-kelp brown algae, 
which mostly exhibit apical growth. For example, spe-
cies in the genus Fucus have been the subject of numer-
ous studies documenting phenotypic variation across 
hydrodynamic gradients worldwide (e.g., Coleman 
& Muhlin,  2008; Jordan & Vadas,  1972; Kalvas & 
Kautsky, 1993; Knight & Parke, 1950; Rice et al., 1985), 
yet zero studies, including multiple transplant experi-
ments (Blanchette, 1997; Sideman & Mathieson, 1985), 
have demonstrated that morphological variation is due 
to plasticity (although tissue properties can be plastic; 
Molis et al., 2015). Instead, morphological variation in 
this genus is more likely due to widespread, fine-scale 
genetic differentiation, which can be detected among 
seaweeds within several meters of each other (Coyer 
et al., 2003; Tatarenkov et al., 2007). Interestingly, the 
only non-kelp brown alga that exhibits morphological 
plasticity similar to that of many kelps in fast flow condi-
tions is Saccorhiza polyschides (Norton, 1969), which 
possesses an intercalary meristem (Norton, 1970).

Although our data show more evidence of phe-
notypic plasticity across hydrodynamic gradients in 
brown algae with intercalary meristems than in other 
seaweeds, it must be reiterated that we also uncov-
ered evidence of phenotypic plasticity in four species 
of red algae and one species of green algae. One 
of the four red algal species exhibits diffuse growth 
(Munda, 1977) and is likely capable of utilizing drag 
as a cue for mediating plasticity like seaweeds with 
intercalary meristems. However, three red algal 
species and one green algal species demonstrated 
plasticity to flow despite having apical meristems; 
how they accomplish this is unclear. Could these 

seaweeds detect drag in proximal tissue and commu-
nicate signals to distal meristems to direct develop-
ment? Or could apical meristems sense a chemical 
cue associated with water motion as opposed to a 
mechanical cue? More research is needed to deter-
mine if plasticity to flow is more common in red and 
green algae than currently documented and also to il-
luminate physiological mechanisms that might permit 
apical meristems to respond to flow.

Across all papers we reviewed, the origin of pheno-
typic variation was investigated less than one-third of 
the time. This indicates that few studies on intraspecific 
trait variation have deduced whether phenotypic plas-
ticity or some other mechanism, such as genetic dif-
ferentiation, is involved. Failure to distinguish between 
these two processes can result in incorrect taxonomic 
designations (Belton et al., 2014; Garbary et al., 1978) 
as well as incomplete understanding of species ecol-
ogy and evolutionary history. For example, a case of 
intraspecific phenotypic variation incorrectly attributed 
to plasticity could actually represent undetected ge-
netic divergence between populations—perhaps even 
a nascent speciation event (Demes & Pruitt,  2019; 
Roberson & Coyer, 2004).

Several seaweed species have had plasticity explic-
itly tested, but not observed. Such an outcome has sev-
eral possible explanations, and further study will likely 
be needed to clarify the lack of plasticity (Mathieson 
et al., 1981). One possible explanation is that the spe-
cies are truly not plastic in response to water motion, 
and observed phenotypic variation is due to genetic 
differentiation between different groups of individuals. 
This may suggest the presence of selection favoring 
distinct genotypes in different environmental conditions. 
Roberson and Coyer  (2004) proposed genetic differ-
entiation as the underlying mechanism for the lack of 
morphological plasticity observed across a wave ex-
posure gradient in the kelp Eisenia arborea, and they 
supported this conclusion with genetic data. This is 
an interesting conclusion, raising questions about why 
one kelp species might not evolve to be plastic in re-
sponse to flow while other closely related kelp species 
are incredibly plastic. It also serves as a reminder to 
researchers studying intraspecific trait variation in sea-
weeds not to overlook the possibility of genetic differ-
entiation as a driver of phenotypic differences between 
populations. An alternative mechanistic explanation for 
the lack of plasticity to flow is developmental canaliza-
tion. In some forms of phenotypic plasticity, the organ-
ism can only undergo phenotypic changes for a limited 
time during development, after which its relevant phe-
notype becomes fixed or “canalized” (e.g., Blanchette 
et al., 2002). In this situation, a mature seaweed trans-
planted across a flow gradient may not show plasticity 
that it might otherwise have shown if it had been trans-
planted earlier in development. Developmental canali-
zation could be relevant to some seaweed species that 

 15298817, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13503, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fjpy.13503&mode=


1064  |      COLEMAN and MARTONE

failed to exhibit phenotypic plasticity across a flow gra-
dient but were perhaps tested too late in development. 
However, developmental canalization and its effect on 
phenotypic plasticity has not been studied in seaweeds 
and deserves further scrutiny.

CONCLUSIONS

Phenotypic plasticity across flow gradients has been 
well documented in brown seaweeds, but not well 
documented in green and red seaweeds. This dis-
crepancy may be the result of publication bias or it 
could reflect fundamental differences in the ability of 
different groups of seaweeds to detect and respond 
to flow. Although flow sensing in many brown sea-
weeds, particularly kelps, likely relies upon the pres-
ence of intercalary meristems, flow sensing in red 
and green seaweeds, which often possess apical 
meristems, remains a mystery. Additional studies are 
needed to clarify physiological mechanisms underly-
ing phenotypic plasticity across flow gradients. The 
assumption that phenotypic plasticity in response to 
flow is common in seaweeds is not particularly well 
supported by the literature. Researchers are advised 
to consider other mechanisms, such as genetic differ-
entiation, before assuming that observed variation in 
seaweed traits along a hydrodynamic gradient is due 
to plasticity.

AUTHOR CONTRIBUTIONS
Liam J. M. Coleman: Conceptualization (equal); data 
curation (lead); formal analysis (lead); investigation 
(lead); methodology (lead); writing – original draft 
(lead); writing – review and editing (equal). Patrick 
T. Martone: Conceptualization (equal); data curation 
(supporting); funding acquisition (lead); investigation 
(supporting); methodology (supporting); project ad-
ministration (lead); supervision (lead); writing – origi-
nal draft (supporting); writing – review and editing 
(equal).

ACKNOWLEDGMENTS
Early versions of this manuscript benefited from input 
and suggestions made by LJMC's PhD committee 
members Chris Harley and Amy Angert, two anony-
mous reviewers, and all the enthusiastic phycologists 
in the Martone Lab. Special thanks to Sam Starko for 
helping polish and motivate the final paper.

FUNDING INFORMATION
Natural Sciences and Engineering Research Council 
(NSERC) Discovery Grant #2019-06240; Paul 
Gabrielson and Mary Love May, Entrance Scholarship 
to LJMC; UBC Botany Department, Four-Year 
Fellowship to LJMC.

ORCID
Liam J. M. Coleman   https://orcid.
org/0000-0001-6015-6187 
Patrick T. Martone   https://orcid.
org/0000-0002-6345-1023 

REFERENCES
Abbott, I. A., & Hollenberg, G. J. (1976). Marine algae of California. 

Stanford University Press.
Alpert, P., & Simms, E. L. (2002). The relative advantages of plas-

ticity and fixity in different environments: When is it good for a 
plant to adjust? Evolutionary Ecology, 16(3), 285–297.

Andrew, N. L., & Viejo, R. M. (1998). Effects of wave exposure 
and intraspecific density on the growth and survivorship of 
Sargassum muticum (Sargassaceae: Phaeophyta). European 
Journal of Phycology, 33(3), 251–258.

Armstrong, S. L. (1987). Mechanical properties of the tissues of the 
brown alga Hedophyllum sessile (C. Ag.) Setchell: Variability 
with habitat. Journal of Experimental Marine Biology and 
Ecology, 114, 143–151.

Armstrong, S. L. (1989). The behavior in flow of the morphologi-
cally variable seaweed Hedophyllum sessile (C. Ag.) Setchell. 
Hydrobiologia, 183(2), 115–122.

Bégin, C., & Scheibling, R. E. (2003). Growth and survival of the 
invasive green alga Codium fragile ssp. tomentosoides in tide 
pools on a rocky shore in Nova Scotia. Botanica Marina, 46(5), 
404–412.

Basu, S., Sun, H., Brian, L., Quatrano, R. L., & Muday, G. K. (2002). 
Early embryo development in Fucus distichus is auxin sensi-
tive. Plant Physiology, 130(1), 292–302. https://​doi.​org/​10.​1104/​
pp.​004747

Belton, G. S., van Reine, W. F. P., Huisman, J. M., Draisma, S. 
G. A., & Gurgel, D. C. F. (2014). Resolving phenotypic plas-
ticity and species designation in the morphologically chal-
lenging Caulerpa racemosa–peltata complex (Chlorophyta, 
Caulerpaceae). Journal of Phycology, 50(1), 32–54. https://​doi.​
org/​10.​1111/​jpy.​12132​

Blanchette, C. A. (1997). Size and survival of intertidal plants in 
response to wave action: A case study with Fucus gardneri. 
Ecology, 78(5), 1563–1578. https://​doi.​org/​10.​2307/​2266149

Blanchette, C. A., Miner, B. G., & Gaines, S. D. (2002). Geographic 
variability in form, size and survival of Egregia menziesii around 
Point Conception, California. Marine Ecology Progress Series, 
239, 69–82.

Buck, B. H., & Buchholz, C. M. (2005). Response of offshore cul-
tivated Laminaria saccharina to hydrodynamic forcing in the 
North Sea. Aquaculture, 250(3–4), 674–691. https://​doi.​org/​10.​
1016/j.​aquac​ulture.​2005.​04.​062

Burnett, N. P., & Koehl, M. A. R. (2020). Thallus pruning does not en-
hance survival or growth of a wave-swept kelp. Marine Biology, 
167(4), 52. https://​doi.​org/​10.​1007/​s0022​7-​020-​3663-​5

Chen, L. C. M., & Taylor, A. R. A. (1980). Investigations of distinct 
strains of Chondrus crispus Stackh. I: Field and laboratory ob-
servations. Botanica Marina, 23, 435–440.

Coleman, L. J. M. (2021). Developmental mechanisms facilitating 
morphological plasticity across hydrodynamic gradients in 
kelps [Doctoral dissertation, University of British Columbia]. 
UBC Theses and Dissertations. https://​doi.​org/​10.​14288/​1.​
0401427

Coleman, L. J. M., & Martone, P. T. (2020). Morphological plasticity 
in the kelp Nereocystis luetkeana (Phaeophyceae) is sensitive 
to the magnitude, direction, and location of mechanical load-
ing. Journal of Phycology, 56(6), 1377–1397. https://​doi.​org/​10.​
1111/​jpy.​13043​

 15298817, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13503, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-6015-6187
https://orcid.org/0000-0001-6015-6187
https://orcid.org/0000-0001-6015-6187
https://orcid.org/0000-0002-6345-1023
https://orcid.org/0000-0002-6345-1023
https://orcid.org/0000-0002-6345-1023
https://doi.org/10.1104/pp.004747
https://doi.org/10.1104/pp.004747
https://doi.org/10.1111/jpy.12132
https://doi.org/10.1111/jpy.12132
https://doi.org/10.2307/2266149
https://doi.org/10.1016/j.aquaculture.2005.04.062
https://doi.org/10.1016/j.aquaculture.2005.04.062
https://doi.org/10.1007/s00227-020-3663-5
https://doi.org/10.14288/1.0401427
https://doi.org/10.14288/1.0401427
https://doi.org/10.1111/jpy.13043
https://doi.org/10.1111/jpy.13043
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fjpy.13503&mode=


      |  1065PHENOTYPIC PLASTICITY TO FLOW

Coleman, M. A., & Muhlin, J. F. (2008). Patterns of spatial variability in 
the morphology of sympatric fucoids. Northeastern Naturalist, 
15(1), 111–122. https://​doi.​org/​10.​1656/​1092-​6194(2008)​15[111:​
POSVIT]​2.0.​CO;​2

Cook, S. A., & Johnson, M. P. (1968). Adaptation to heterogeneous 
environments. I. Variation in heterophylly in Ranunculus flam-
mula L. Evolution, 22(3), 496–516. https://​doi.​org/​10.​2307/​
2406876

Coyer, J. A., Peters, A. F., Stam, W. T., & Olsen, J. L. (2003). Post-
ice age recolonization and differentiation of Fucus serratus L. 
(Phaeophyceae; Fucaceae) populations in northern Europe. 
Molecular Ecology, 12(7), 1817–1829. https://​doi.​org/​10.​1046/j.​
1365-​294X.​2003.​01850.​x

D'Amours, O., & Scheibling, R. E. (2007). Effect of wave exposure 
on morphology, attachment strength and survival of the inva-
sive green alga Codium fragile ssp. tomentosoides. Journal of 
Experimental Marine Biology and Ecology, 351(1–2), 129–142. 
https://​doi.​org/​10.​1016/j.​jembe.​2007.​06.​018

Díaz-Tapia, P., Maggs, C. A., Nelson, W., Macaya, E. C., & 
Verbruggen, H. (2020). Reassessment of the genus Lophurella 
(Rhodomelaceae, Rhodophyta) from Australia and New 
Zealand reveals four cryptic species. European Journal of 
Phycology, 55(1), 113–128. https://​doi.​org/​10.​1080/​09670​262.​
2019.​1659419

De Paula, E. J., & de Oliveira, E. C. (1982). Wave exposure and eco-
typical differentiation in Sargassum cymosum (Phaeophyta-
Fucales). Phycologia, 21, 145–153.

Demes, K. W., Graham, M. H., & Suskiewicz, T. S. (2009). 
Phenotypic plasticity reconciles incongruous molecular and 
morphological taxonomies: The giant kelp, Macrocystis 
(Laminariales, Phaeophyceae), is a monospecific genus. 
Journal of Phycology, 45(6), 1266–1269. https://​doi.​org/​10.​
1111/j.​1529-​8817.​2009.​00752.​x

Demes, K. W., & Pruitt, J. N. (2019). Individuality in seaweeds and 
why we need to care. Journal of Phycology, 55(2), 247–256. 
https://​doi.​org/​10.​1111/​jpy.​12845​

Demes, K. W., Pruitt, J. N., Harley, C. D. G., & Carrington, E. (2013). 
Survival of the weakest: Increased frond mechanical strength 
in a wave-swept kelp inhibits self-pruning and increases whole-
plant mortality. Functional Ecology, 27(2), 439–445. https://​doi.​
org/​10.​1111/​1365-​2435.​12067​

Denny, M. W., Miller, L. P., Stokes, M. D., Hunt, L. J. H., & Helmuth, 
B. S. T. (2003). Extreme water velocities: Topographical ampli-
fication of wave-induced flow in the surf zone of rocky shores. 
Limnology and Oceanography, 48, 1–8.

Denny, M., & Gaylord, B. (2002). The mechanics of wave-swept 
algae. The Journal of Experimental Biology, 205, 1355–1362.

DeWitt, T. J. (1998). Costs and limits of phenotypic plasticity: Tests 
with predator-induced morphology and life history in a fresh-
water snail. Journal of Evolutionary Biology, 11(4), 465–480. 
https://​doi.​org/​10.​1046/j.​1420-​9101.​1998.​11040​465.​x

Druehl, L. D., & Kemp, L. (1982). Morphological and growth re-
sponses of geographically isolated Macrocystis integrifolia 
populations when grown in a common environment. Canadian 
Journal of Botany, 60(8), 1409–1413. https://​doi.​org/​10.​1139/​
b82-​179

Druehl, L. D. (1978). The distribution of Macrocystis integrifolia in 
British Columbia as related to environmental parameters. 
Canadian Journal of Botany, 56, 69–79.

Duggins, D. O., Eckman, J. E., Siddon, C. E., & Klinger, T. (2003). 
Population, morphometric and biomechanical studies of three 
understory kelps along a hydrodynamic gradient. Marine 
Ecology Progress Series, 265, 57–76.

Floc’h, J.-Y. (1969). First results of a transplant experience in 
Chondrus crispus (L.) Lyngb. Proceedings of the International 
Seaweed Symposium, 6, 171–177.

Fowler-Walker, M. J., Wernberg, T., & Connell, S. D. (2006). 
Differences in kelp morphology between wave sheltered and 

exposed localities: Morphologically plastic or fixed traits? 
Marine Biology, 148(4), 755–767. https://​doi.​org/​10.​1007/​s0022​
7-​005-​0125-​z

Fralick, R. A., & Mathieson, A. C. (1972). Winter fragmentation of 
Codium fragile (Suringar) Hariot spp. tomentosoides (van 
Goor) Silva (Chlorophyceae, Siphonales) in New England. 
Phycologia, 11(1), 67–70.

Garbary, D. J., Grund, D., & McLachlan, J. (1978). The taxonomic 
status of Ceramium rubrum (Huds.) C. Ag. (Ceramiales, 
Rhodophyceae) based on culture experiments. Phycologia, 
17(1), 85–94.

Gerard, V. A. (1982). In situ water motion and nutrient uptake by the 
giant kelp Macrocystis pyrifera. Marine Biology, 69(1), 51–54.

Gerard, V. A. (1987). Hydrodynamic streamlining of Laminaria sac-
charina Lamour. in response to mechanical stress. Journal of 
Experimental Marine Biology and Ecology, 107, 237–244.

Gerard, V. A., & Mann, K. H. (1979). Growth and production 
of Laminaria longicruris (Phaeophyta) populations ex-
posed to different intensities of water movement. Journal of 
Phycology, 15(1), 33–41. https://​doi.​org/​10.​1111/j.​1529-​8817.​
1979.​tb029​58.​x

Getty, T. (1996). The maintenance of phenotypic plasticity as a sig-
nal detection problem. The American Naturalist, 148(2), 378–
385. https://​doi.​org/​10.​1086/​285930

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. 
(2007). Adaptive versus non-adaptive phenotypic plasticity 
and the potential for contemporary adaptation in new environ-
ments. Functional Ecology, 21(3), 394–407. https://​doi.​org/​10.​
1111/j.​1365-​2435.​2007.​01283.​x

Graham, L. E., Graham, J. M., Wilcox, L. W., & Cook, M. E. (2017). 
Algae (3rd ed.). LJLM Press.

Hackney, J. M., Kraemer, G. P., Atalla, R. H., VanderHart, D. L., & 
Chapman, D. J. (1994). Influence of hydrodynamic environment 
on composition and macromolecular organization of structural 
polysaccharides in Egregia menziesii cell walls. Planta, 192(4), 
461–472. https://​doi.​org/​10.​1007/​BF002​03583​

Hannach, G., & Waaland, J. R. (1989). Growth and morphology of 
young gametophytes of Porphyra abbottae (Rhodophyta): ef-
fects of environmental factors in culture. Journal of Phycology, 
25(2), 247–254.

Hart, L. C. (1982). Auxins as plant growth regulators in the marine 
alga Pelagophycus porra (Leman) Setchell (Phaeophyta, 
Laminariales) [PhD dissertation, University of Southern 
California].

Harvell, C. D. (1984). Predator-induced defense in a marine bryo-
zoan. Science, 224(4655), 1357–1359.

Henkel, S. K., Hofmann, G. E., & Whitmer, A. C. (2007). Morphological 
and genetic variation in Egregia menziesii over a latitudinal gra-
dient. Botanica Marina, 50(3), 159–170. https://​doi.​org/​10.​1515/​
BOT.​2007.​019

Hind, K. R., Gabrielson, P. W., Lindstrom, S. C., & Martone, P. T. 
(2014). Misleading morphologies and the importance of se-
quencing type specimens for resolving coralline taxonomy 
(Corallinales, Rhodophyta): Pachyarthron cretaceum is 
Corallina officinalis. Journal of Phycology, 50(4), 760–764. 
https://​doi.​org/​10.​1111/​jpy.​12205​

Hurd, C. L. (2000). Water motion, marine macroalgal physiology, 
and production. Journal of Phycology, 36(3), 453–472. https://​
doi.​org/​10.​1046/j.​1529-​8817.​2000.​99139.​x

Hurd, C. L., Harrison, P. J., & Druehl, L. D. (1996). Effect of seawater 
velocity on inorganic nitrogen uptake by morphologically dis-
tinct forms of Macrocystis integrifolia from wave-sheltered and 
exposed sites. Marine Biology, 126(2), 205–214.

Iwabuchi, K., Kaneko, T., & Kikuyama, M. (2007). Mechanosensitive 
ion channels in Chara: Influence of water channel inhibitors, 
HgCl2 and ZnCl2, on generation of receptor potential. Journal 
of Membrane Biology, 221(1), 27–37. https://​doi.​org/​10.​1007/​
s0023​2-​007-​9082-​4

 15298817, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13503, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1656/1092-6194(2008)15%5B111:POSVIT%5D2.0.CO;2
https://doi.org/10.1656/1092-6194(2008)15%5B111:POSVIT%5D2.0.CO;2
https://doi.org/10.2307/2406876
https://doi.org/10.2307/2406876
https://doi.org/10.1046/j.1365-294X.2003.01850.x
https://doi.org/10.1046/j.1365-294X.2003.01850.x
https://doi.org/10.1016/j.jembe.2007.06.018
https://doi.org/10.1080/09670262.2019.1659419
https://doi.org/10.1080/09670262.2019.1659419
https://doi.org/10.1111/j.1529-8817.2009.00752.x
https://doi.org/10.1111/j.1529-8817.2009.00752.x
https://doi.org/10.1111/jpy.12845
https://doi.org/10.1111/1365-2435.12067
https://doi.org/10.1111/1365-2435.12067
https://doi.org/10.1046/j.1420-9101.1998.11040465.x
https://doi.org/10.1139/b82-179
https://doi.org/10.1139/b82-179
https://doi.org/10.1007/s00227-005-0125-z
https://doi.org/10.1007/s00227-005-0125-z
https://doi.org/10.1111/j.1529-8817.1979.tb02958.x
https://doi.org/10.1111/j.1529-8817.1979.tb02958.x
https://doi.org/10.1086/285930
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1007/BF00203583
https://doi.org/10.1515/BOT.2007.019
https://doi.org/10.1515/BOT.2007.019
https://doi.org/10.1111/jpy.12205
https://doi.org/10.1046/j.1529-8817.2000.99139.x
https://doi.org/10.1046/j.1529-8817.2000.99139.x
https://doi.org/10.1007/s00232-007-9082-4
https://doi.org/10.1007/s00232-007-9082-4
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fjpy.13503&mode=


1066  |      COLEMAN and MARTONE

Jackelman, J. J., & Bolton, J. J. (1990). Form variation and produc-
tivity of an intertidal foliose Gigartina species (Rhodophyta) in 
relation to wave exposure. Hydrobiologia, 204(1), 57–64.

Johnson, A., & Koehl, M. (1994). Maintenance of dynamic strain 
similarity and environmental stress factor in different flow hab-
itats: Thallus allometry and material properties of a giant kelp. 
Journal of Experimental Biology, 195(1), 381–410.

Jordan, A. J., & Vadas, R. L. (1972). Influence of environmental 
parameters on intraspecific variation in Fucus vesiculosus. 
Marine Biology, 14(3), 248–252. https://​doi.​org/​10.​1007/​BF003​
48287​

Kai, T., Nimura, K., Yasui, H., & Mizuta, H. (2006). Regulation of 
sorus formation by auxin in Laminariales sporophyte. Journal 
of Applied Phycology, 18(1), 95. https://​doi.​org/​10.​1007/​s1081​
1-​005-​9020-​8

Kalvas, A., & Kautsky, L. (1993). Geographical variation in Fucus 
vesiculosus morphology in the Baltic and north seas. European 
Journal of Phycology, 28(2), 85–91. https://​doi.​org/​10.​1080/​
09670​26930​0650141

Kaneko, T., Takahashi, N., & Kikuyama, M. (2009). Membrane 
stretching triggers mechanosensitive Ca2+ channel activation 
in Chara. Journal of Membrane Biology, 228(1), 33–42. https://​
doi.​org/​10.​1007/​s0023​2-​009-​9156-​6

Kang, J., Kwak, Y. S., Kim, E., Gwon, Y., Choi, H. G., & Eyun, S. 
(2024). Transcriptome and functional analyses of pheno-
typic plasticity in sea grape Caulerpa okamurae. Physiologia 
Plantarum, 176(3), e14339. https://​doi.​org/​10.​1111/​ppl.​14339​

Kawamata, S. (2001). Adaptive mechanical tolerance and dislodge-
ment velocity of the kelp Laminaria japonica in wave-induced 
water motion. Marine Ecology Progress Series, 211, 89–104. 
https://​doi.​org/​10.​3354/​meps2​11089​

Kawecki, T. J., & Ebert, D. (2004). Conceptual issues in local adap-
tation. Ecology Letters, 7, 1225–1241.

Kitzes, J. A., & Denny, M. W. (2005). Red algae respond to waves: 
Morphological and mechanical variation in Mastocarpus papil-
latus along a gradient of force. The Biological Bulletin, 208(2), 
114–119.

Knight, M., & Parke, M. (1950). A biological study of Fucus vesic-
ulosus L. and F. serratus L. Journal of the Marine Biological 
Association of the United Kingdom, 29(2), 439–514.

Koehl, M. A. R., & Alberte, R. S. (1988). Flow, flapping, and photo-
synthesis of Nereocystis leutkeana: A functional comparison of 
undulate and flat blade morphologies. Marine Biology, 99(3), 
435–444. https://​doi.​org/​10.​1007/​BF021​12137​

Koehl, M. A. R., & Silk, W. K. (2021). How kelp in drag lose their ruf-
fles: Environmental cues, growth kinematics, and mechanical 
constraints govern curvature. Journal of Experimental Botany, 
72(10), 3677–3687. https://​doi.​org/​10.​1093/​jxb/​erab111

Koehl, M. A. R., Silk, W. K., Liang, H., & Mahadevan, L. (2008). How 
kelp produce blade shapes suited to different flow regimes: A 
new wrinkle. Integrative and Comparative Biology, 48(6), 834–
851. https://​doi.​org/​10.​1093/​icb/​icn069

Kraemer, G. P., & Chapman, D. J. (1991a). Biomechanics and alginic 
acid composition during hydrodynamic adaptation by Egregia 
menziesii (Phaeophyta) juveniles. Journal of Phycology, 27(1), 
47–53. https://​doi.​org/​10.​1111/j.​0022-​3646.​1991.​00047.​x

Kraemer, G. P., & Chapman, D. J. (1991b). Effects of tensile force 
and nutrient availability on carbon uptake and cell wall syn-
thesis in blades of juvenile Egregia menziesii (Turn.) Aresch. 
(Phaeophyta). Journal of Experimental Marine Biology and 
Ecology, 149(2), 267–277.

Kregting, L., Healey, E., Crowe, M., & Cunningham, E. M. (2023). 
Water motion as a conditioning mechanism to improve the yield 
of the sugar kelp Saccharina latissima (Phaeophyceae). Algal 
Research, 74, 103202.

Krueger, D. A., & Dodson, S. I. (1981). Embryological induction 
and predation ecology in Daphnia pulex. Limnology and 
Oceanography, 26(2), 219–223.

Levins, R. (1963). Theory of fitness in a heterogeneous environment. 
II. Developmental flexibility and niche selection. The American 
Naturalist, 97(893), 75–90.

Levitan, D. R., Sewell, M. A., & Chia, F.-S. (1992). How distribution 
and abundance influence fertilization success in the sea urchin 
Strongylocentrotus franciscanus. Ecology, 73(1), 248–254.

Mathieson, A. C., Norton, T. A., & Neushul, M. (1981). The taxonomic 
implications of genetic and environmentally induced variations 
in seaweed morphology. Botanical Review, 47(3), 313–347.

Miller, S. M., Hurd, C. L., & Wing, S. R. (2011). Variations in growth, 
erosion, productivity, and morphology of Ecklonia radiata 
(Alariaceae; Laminariales) along a fjord in southern New 
Zealand. Journal of Phycology, 47(3), 505–516. https://​doi.​org/​
10.​1111/j.​1529-​8817.​2011.​00966.​x

Molis, M., Scrosati, R. A., El-Belely, E. F., Lesniowski, T. J., & Wahl, 
M. (2015). Wave-induced changes in seaweed toughness en-
tail plastic modifications in snail traits maintaining consumption 
efficacy. Journal of Ecology, 103(4), 851–859. https://​doi.​org/​
10.​1111/​1365-​2745.​12386​

Munda, I. (1977). A note on the growth of Halosaccion ramentaceum 
(L.) J. Ag. under different culturing conditions. Botanica Marina, 
20(8), 493–498. https://​doi.​org/​10.​1515/​botm.​1977.​20.8.​493

Nanba, N., Fujiwara, T., Kuwano, K., Ishikawa, Y., Ogawa, H., & Kado, 
R. (2011). Effect of water flow velocity on growth and morphol-
ogy of cultured Undaria pinnatifida sporophytes (Laminariales, 
Phaeophyceae) in Okirai Bay on the Sanriku coast, Northeast 
Japan. Journal of Applied Phycology, 23, 1023–1030.

Norton, T. A. (1969). Growth form and environment in Saccorhiza 
polyschides. Journal of the Marine Biological Association of 
the UK, 49(4), 1025–1045.

Norton, T. A. (1970). Synopsis of biological data on Saccorhiza poly-
schides. FAO Fisheries Synopsis, 83, 1–35.

de Nys, R., Jameson, P. E., Chin, N., Brown, M. T., & Sanderson, 
K. J. (1990). The cytokinins as endogenous growth regulators 
in Macrocystis pyrifera (L.) C. Ag. (Phaeophyceae). Botanica 
Marina, 33, 467–475.

Pace, D. R. (1972). Polymorphism in Macrocystis integrifolia Bory in 
relation to water motion -[Master's thesis, University of British 
Columbia]. https://​circle.​ubc.​ca/​bitst​ream/​id/​115609/​UBC_​
1972_​A6_​7

Padilla, D. K., & Adolph, S. C. (1996). Plastic inducible morphologies 
are not always adaptive: The importance of time delays in a 
stochastic environment. Evolutionary Ecology, 10(1), 105–117. 
https://​doi.​org/​10.​1007/​BF012​39351​

Padilla, D. K., & Savedo, M. M. (2013). A systematic review of pheno-
typic plasticity in marine invertebrate and plant systems. In M. 
Lesser (Ed.), Advances in marine biology (Vol. 65, pp. 67–94). 
Elsevier Academic.

Pearson, G. A., Serrão, E. A., & Brawley, S. H. (1998). Control of 
gamete release in fucoid algae: Sensing hydrodynamic condi-
tions via carbon acquisition. Ecology, 79(5), 1725–1739. https://​
doi.​org/​10.​2307/​176791

Pennington, J. T. (1985). The ecology of fertilization of echinoid 
eggs: The consequences of sperm dilution, adult aggregation, 
and synchronous spawning. The Biological Bulletin, 169(2), 
417–430. https://​doi.​org/​10.​2307/​1541492

Peteiro, C., & Freire, Ó. (2011a). Offshore cultivation methods affect 
blade features of the edible seaweed Saccharina latissima in 
a bay of Galicia, Northwest Spain. Russian Journal of Marine 
Biology, 37, 319–323.

Peteiro, C., & Freire, Ó. (2011b). Effect of water motion on the cul-
tivation of the commercial seaweed Undaria pinnatifida in a 
coastal bay of Galicia, Northwest Spain. Aquaculture, 314(1-4), 
269–276.

Peteiro, C., & Freire, Ó. (2013). Biomass yield and morphological 
features of the seaweed Saccharina latissima cultivated at two 
different sites in a coastal bay in the Atlantic coast of Spain. 
Journal of Applied Phycology, 25, 205–213.

 15298817, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13503, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/BF00348287
https://doi.org/10.1007/BF00348287
https://doi.org/10.1007/s10811-005-9020-8
https://doi.org/10.1007/s10811-005-9020-8
https://doi.org/10.1080/09670269300650141
https://doi.org/10.1080/09670269300650141
https://doi.org/10.1007/s00232-009-9156-6
https://doi.org/10.1007/s00232-009-9156-6
https://doi.org/10.1111/ppl.14339
https://doi.org/10.3354/meps211089
https://doi.org/10.1007/BF02112137
https://doi.org/10.1093/jxb/erab111
https://doi.org/10.1093/icb/icn069
https://doi.org/10.1111/j.0022-3646.1991.00047.x
https://doi.org/10.1111/j.1529-8817.2011.00966.x
https://doi.org/10.1111/j.1529-8817.2011.00966.x
https://doi.org/10.1111/1365-2745.12386
https://doi.org/10.1111/1365-2745.12386
https://doi.org/10.1515/botm.1977.20.8.493
https://circle.ubc.ca/bitstream/id/115609/UBC_1972_A6_7
https://circle.ubc.ca/bitstream/id/115609/UBC_1972_A6_7
https://doi.org/10.1007/BF01239351
https://doi.org/10.2307/176791
https://doi.org/10.2307/176791
https://doi.org/10.2307/1541492
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fjpy.13503&mode=


      |  1067PHENOTYPIC PLASTICITY TO FLOW

Ramsay, E. G. (2019). Morphological variability within Dictyoneurum 
californicum and Dictyoneurum reticulatum along a wave ex-
posure gradient on the Monterey peninsula [Master's thesis, 
California State University].

Reed, T. E., Waples, R. S., Schindler, D. E., Hard, J. J., & Kinnison, 
M. T. (2010). Phenotypic plasticity and population viability: The 
importance of environmental predictability. Proceedings of the 
Royal Society of London B: Biological Sciences, 277(1699), 
3391–3400. https://​doi.​org/​10.​1098/​rspb.​2010.​0771

Rice, E. L., Kenchington, T. J., & Chapman, A. R. O. (1985). 
Intraspecific geographic-morphological variation patterns in 
Fucus distichus and F. evanescens. Marine Biology, 88(2), 
207–215. https://​doi.​org/​10.​1007/​BF003​97168​

Richter, S., Kipfer, T., Wohlgemuth, T., Guerrero, C. C., Ghazoul, J., 
& Moser, B. (2012). Phenotypic plasticity facilitates resistance 
to climate change in a highly variable environment. Oecologia, 
169(1), 269–279.

Roberson, L. M., & Coyer, J. A. (2004). Variation in blade morphol-
ogy of the kelp Eisenia arborea: Incipient speciation due to local 
water motion? Marine Ecology Progress Series, 282, 115–128.

Sato, Y., Yamaguchi, M., Hirano, T., et al. (2017). Effect of water ve-
locity on Undaria pinnatifida and Saccharina japonica growth 
in a novel tank system designed for macroalgae cultivation. 
Journal of Applied Phycology, 29, 1429–1436.

Schlichting, C. D., & Smith, H. (2002). Phenotypic plasticity: 
Linking molecular mechanisms with evolutionary outcomes. 
Evolutionary Ecology, 16(3), 189–211. https://​doi.​org/​10.​1023/A:​
10196​24425971

Shaughnessy, F. J. (2004). Contrasting patterns of allometry and 
realized plasticity in the sister species Mazzaella splendens 
and Mazzaella linearis (Rhodophyta). Journal of Phycology, 40, 
846–856.

Sheth, S. N., & Angert, A. L. (2014). The evolution of environmen-
tal tolerance and range size: A comparison of geographically 
restricted and widespread Mimulus. Evolution, 68(10), 2917–
2931. https://​doi.​org/​10.​1111/​evo.​12494​

Sideman, E. J., & Mathieson, A. C. (1985). Morphological variation 
within and between natural populations of non-tide pool Fucus 
distichus (Phaeophyta) in New England. Journal of Phycology, 
21(2), 250–257. https://​doi.​org/​10.​1111/j.​0022-​3646.​1985.​
00250.​x

Smith, H. (1990). Signal perception, differential expression within 
multigene families and the molecular basis of phenotypic plas-
ticity. Plant, Cell & Environment, 13(7), 585–594. https://​doi.​
org/​10.​1111/j.​1365-​3040.​1990.​tb010​77.​x

Smith-Gill, S. J. (1983). Developmental plasticity: Developmental 
conversion versus phenotypic modulation. American Zoologist, 
23(1), 47–55.

Starko, S., & Martone, P. T. (2016). Evidence of an evolutionary-
developmental trade-off between drag avoidance and toler-
ance strategies in wave-swept intertidal kelps (Laminariales, 
Phaeophyceae). Journal of Phycology, 52(1), 54–63. https://​
doi.​org/​10.​1111/​jpy.​12368​

Stearns, S. C. (1989). The evolutionary significance of phenotypic 
plasticity. Bioscience, 39(7), 436–445.

Steneck, R. B., & Adey, W. H. (1976). The role of environment in 
control of morphology in Lithophyllum congestum, a Caribbean 
algal ridge builder. Botanica Marina, 19, 197–215.

Stewart, H. L. (2006). Morphological variation and phenotypic plas-
ticity of buoyancy in the macroalga Turbinaria ornata across a 
barrier reef. Marine Biology, 149, 721–730.

Stewart, H. L., & Carpenter, R. C. (2003). The effects of morphol-
ogy and water flow on photosynthesis of marine macroalgae. 
Ecology, 84, 2999–3012.

Sundene, O. (1964). The ecology of Laminaria digitata in Norway in 
view of transplant experiments. Norwegian Journal of Botany, 
11, 83–107.

Sundene, 0. (1961). Growth in the sea of Laminaria digitata spo-
rophytes from culture. Norwegian Journal of Botany, 11(1961), 
83–107.

Supratya, V. P., Coleman, L. J. M., & Martone, P. T. (2020). Elevated 
temperature affects phenotypic plasticity in the bull kelp 
(Nereocystis luetkeana, Phaeophyceae). Journal of Phycology, 
56(6), 1534–1541. https://​doi.​org/​10.​1111/​jpy.​13049​

Svendsen, P., & Kain, J. M. (1971). The taxonomic status, distribu-
tion, and morphology of Laminaria cucullata Sensu Jorde and 
Klavestad. Sarsia, 46(1), 1–22.

Tarakhovskaya, E. R., Maslov, Y. I., & Shishova, M. F. (2007). 
Phytohormones in algae. Russian Journal of Plant Physiology, 
54(2), 163–170. https://​doi.​org/​10.​1134/​S1021​44370​7020021

Tatarenkov, A., Jönsson, R. B., Kautsky, L., & Johannesson, K. 
(2007). Genetic structure in populations of Fucus vesiculo-
sus (Phaeophyceae) over spatial scales from 10 m to 800 km. 
Journal of Phycology, 43(4), 675–685. https://​doi.​org/​10.​1111/j.​
1529-​8817.​2007.​00369.​x

Venegas, M., Matsuhiro, B., & Edding, M. (1993). Alginate 
Composition of Lessonia trabeculata (Phaeophyta: 
Laminariales) Growing in Exposed and Sheltered Habitats. 
Botanica Marina, 36(1), 47–52.

Wheeler, W. N. (1980). Effect of boundary layer transport on the fix-
ation of carbon by the giant kelp Macrocystis pyrifera. Marine 
Biology, 56(2), 103–110.

Wolcott, B. D. (2007). Mechanical size limitation and life-history 
strategy of an intertidal seaweed. Marine Ecology Progress 
Series, 338, 1–10. https://​doi.​org/​10.​3354/​meps3​38001​

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.
Appendix S1. Methods for reviewing seaweed plasticity 
literature.

How to cite this article: Coleman, L. J. M., & 
Martone, P. T. (2024). Grow with the flow: Is 
phenotypic plasticity across hydrodynamic 
gradients common in seaweeds? Journal of 
Phycology, 60, 1058–1067. https://doi.org/10.1111/
jpy.13503

 15298817, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13503, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1007/BF00397168
https://doi.org/10.1023/A:1019624425971
https://doi.org/10.1023/A:1019624425971
https://doi.org/10.1111/evo.12494
https://doi.org/10.1111/j.0022-3646.1985.00250.x
https://doi.org/10.1111/j.0022-3646.1985.00250.x
https://doi.org/10.1111/j.1365-3040.1990.tb01077.x
https://doi.org/10.1111/j.1365-3040.1990.tb01077.x
https://doi.org/10.1111/jpy.12368
https://doi.org/10.1111/jpy.12368
https://doi.org/10.1111/jpy.13049
https://doi.org/10.1134/S1021443707020021
https://doi.org/10.1111/j.1529-8817.2007.00369.x
https://doi.org/10.1111/j.1529-8817.2007.00369.x
https://doi.org/10.3354/meps338001
https://doi.org/10.1111/jpy.13503
https://doi.org/10.1111/jpy.13503
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fjpy.13503&mode=

	Grow with the flow: Is phenotypic plasticity across hydrodynamic gradients common in seaweeds?
	Abstract
	INTRODUCTION
	MECHANISMS FOR SENSING FLOW
	PREVALENCE OF PHENOTYPIC PLASTICITY ACROSS HYDRODYNAMIC GRADIENTS IN SEAWEEDS
	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	ORCID
	REFERENCES


