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A B S T R A C T   

Natural disturbances can produce a mosaic of seagrass patches of different ages, which may affect the response to 
herbivory. These pressures can have consequences for plant performance. To assess how seagrass patch age 
affects the response to herbivory, we simulated the effect of herbivory by clipping leaves of Halodule wrightii in 
patches of 2, 4 and 6 years. All clipped plants showed ability to compensate herbivory by increasing leaf growth 
rate (on average 4.5-fold). The oldest patches showed resistance response by increasing phenolic compounds 
(1.2-fold). Contrastingly, the concentration of phenolics decreased in the youngest patches (0.26-fold), although 
they had a similar leaf carbon content to controls. These results suggest that younger plants facing herbivory 
pressure reallocate their phenolic compounds towards primary metabolism. Results confirm the H. wrightii 
tolerance to herbivory damage and provides evidence of age-dependent compensatory responses, which may 
have consequences for seagrass colonization and growth in perturbed habitats.   

1. Introduction 

Herbivores can negatively affect the performance and survival of 
individual plants. The removal of plant tissues by grazers causes struc
tural damage to the plant, along with nutrient and carbohydrate losses 
(Prado et al., 2011). Together, these injuries can reduce plant ability to 
acquire resources, grow, and reproduce (Marquis, 1992; Strauss and 
Zangrel, 2002), and also have subsequent consequences for the structure 
of the community (Maron and Crone, 2006; Allan and Crawley, 2011). 
Seagrasses are marine foundation species that form one of the most 
important ecological coastal habitats (Short et al., 2011). These globally 
distributed species are well-recognized for the ecosystem services they 
provide, including primary production (Egea et al., 2023a), provision of 
shelter and food for marine animals (McHenry et al., 2021; 
Jiménez-Ramos et al., 2021), shoreline protection (Christianen et al., 
2013), and organic carbon sequestration (Macreadie et al., 2014; de los 
Santos et al., 2023). Despite growing recognition of the crucial ecolog
ical role of this ecosystem, seagrass meadows have nevertheless declined 
by 19.1% globally since 1880 (Dunic et al., 2021), primarily due to 
human activities and climate change (McKenzie et al., 2020). Although 
seagrasses were traditionally considered unpalatable based on early 
studies that reported low consumption rates by marine herbivores, 

seagrass beds actually withstand intense rates of herbivore activity 
(Heck and Valentine, 2006). The diverse community of seagrass’s pri
mary consumers leads to complex interactions among seagrasses and 
herbivores that ultimately shape meadow characteristics such as 
biomass, productivity, and species diversity. Intense herbivory can even 
trigger trophic cascade effects in seagrass meadows, with far-reaching 
consequences for their ecological functioning and provision of 
ecosystem services (Scott et al., 2018). 

Marine ecologists have studied herbivory in seagrasses since the 
early 1970s, but there is increased interest in this field of research 
among researchers as drivers of climate change are altering the estab
lished plant-herbivore interactions (Hernán et al., 2017; Valentine and 
Heck, 2021). Most seagrasses species are found in tropical regions 
(Green and Short, 2004), where they increasingly face extreme clima
tological events including storms, hurricanes, and typhoons (Correia 
et al., 2022). Because these extreme events act inconsistently over wide 
areas, they can heterogeneously influence meadow development, lead
ing to a mosaic of seagrass with different patch ages (i.e., patches with 
different times after establishment following a disturbance event; Nai
man et al., 2005; Egea et al., 2023b). In addition, poleward expansion of 
herbivore populations has led to the consumption of major 
habitat-forming plants in previously ungrazed areas, resulting in rapid 
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shifts in meadow structure (Vergés et al., 2014). In some areas, 
long-term conservation efforts to recover mega-herbivore populations 
like dugongs (Dugong dugon; Christianen et al., 2013; Cossa et al., 2023) 
or green turtles (Chelonia mydas; Lal et al., 2010; Mazaris et al., 2017) 
can increase herbivory pressure in seagrass meadows, resulting in a 
higher heterogeneity in seagrass bed, including a mixture of seagrass 
patches of different ages (Gulick et al., 2021). For example, green turtles 
repeatedly crop seagrass leaves in specific patches or zones that they 
periodically graze (probably because this stimulates the production of 
new and highly nutritious leaves; Christianen et al., 2012). Regarding 
dugongs, they graze by cropping on seagrass leaves (Preen, 1995) but 
also ripping up seagrass plants from the sediment generating feeding 
trails (Tol et al., 2016), which is periodically grazed by them when 
patches recover (Cossa et al., 2023). 

Seagrasses exhibit a wide range of responses to herbivory. Induced 
responses are those that occur as a direct result of herbivore damage; 
these responses can involve both tolerance (i.e., the ability of plants to 
withstand and survive herbivory) and resistance (i.e., the development 
of traits to reduce leaf palatability) (Strauss and Agrawal, 1999), though 
tolerance responses are more common. Seagrasses tolerate grazing by 
intensifying recruitment of new shoots as a compensatory response (i.e., 
grazing stimulates the production of new photosynthetic tissue; Valen
tine et al., 1997; Vergés et al., 2008; Sanmartí et al., 2014). Other 
common mechanisms of herbivory tolerance in seagrasses include 
enhanced levels of N-metabolizing enzymes, reallocation of internal 
resources after herbivory damage, and changes in plant morphology (e. 
g., leaf biomass, shoot density, leaf area index; Zimmerman et al., 1996; 
Valentine et al., 1997; Vergés et al., 2008). On the other hand, 
resistance-based responses to herbivory encompass nutritional, chemi
cal, and/or structural adaptations that lower plant palatability and 
thereby reduce herbivore preference or performance (Fritz and Simms, 
1992). For example, seagrasses produce a variety of secondary metab
olites, such as phenolic compounds, that act direct or indirectly as 
chemical defenses to resist herbivory (Martínez-Crego et al., 2015; 
Jiménez-Ramos et al., 2017). 

Because both tolerance- and resistance-based responses to herbivory 
have a physiological cost, the availability of abiotic resources (e.g., light, 
nutrients) and patch age can shape the defense strategies adopted by a 
seagrass community. We accordingly hypothesized that seagrass re
sponses to herbivory should be influenced by patch age. Recent studies 
showed mature patches may increase biodiversity (Pérez-Estrada et al., 
2021) and enhance benthic metabolism through increased primary 
productivity and respiration (Egea et al., 2023b). Moreover, since sea
grass biomass, particularly the belowground tissues, usually increases as 
the plant matures (Cebrián et al., 2000), we expect that old patches will 
exhibit higher compensatory responses (higher increase in aboveground 
biomass, shoot density, and leaf appearance and growth rates) and 
higher deterrent defenses (structural and phenolics) at the cost of 
nutritional quality (N content in leaves) (Agrawal and Fishbein, 2006). 
This hypothesis aligns with former studies in terrestrial plants, in which 
differing responses to herbivory along plant chronosequences (Cronin 
et al., 2001; Tiffin, 2002) have been attributed to shifts in defense pat
terns throughout succession (Rasmann et al., 2011; Hakes and Cronin, 
2012). Although previous studies have described the various tolerance 
and resistance responses in seagrasses (e.g., Cebrián et al., 1998; Vergés 
et al., 2008; Sanmartí et al., 2014), researchers do not yet understand 
how these responses vary from young to mature seagrass meadows. 
However, a better understanding of how seagrass responses to herbivory 
differ with patch age is essential for developing sustainable conservation 
and restoration strategies for these vulnerable ecosystems (Bourque and 
Fourqurean, 2013). 

Almost one-third of the seagrass species in North America can be 
found in the Gulf of California (McKenzie et al., 2020), a subtropical 
region of northwestern Mexico (Knutson et al., 2015). Among the sea
grass species in this region, Halodule wrightii Ascherson (shoalgrass) is a 
fast-growing specie that inhabits shallow intertidal and subtidal areas 

(Rivera-Guzmán et al., 2017). Because the Gulf of California is regularly 
exposed to tropical storms and hurricanes that disrupt native plant 
communities (Jáuregui, 2003), many seagrass patches of different ages 
cohabit the same area (Pérez-Estrada et al., 2021; Egea et al., 2023b). As 
a foundation species, H. wrightii strongly influences the community 
composition of local fauna, including the abundance of benthic infauna 
(Booth and Heck, 2009; Pérez-Estrada et al., 2023). It also recolonizes 
after stressors more quickly than other seagrass species (Hall et al., 
2006). These characteristics make H. wrightii a desirable candidate for 
assessing age-dependent responses to herbivory. In this study, we con
ducted a herbivory simulation experiment to evaluate the effects of 
herbivore damage on H. wrightii patches of different ages (i.e., different 
times since patch establishment). We measured tolerance responses by 
identifying compensatory growth (in terms of standing biomass, leaf 
appearance and growth rates, and shoot density) and assessing the 
associated cost to the plant (in the form of carbon, nitrogen, and 
non-structural carbohydrate content). We also measured resistance 
traits by quantifying the concentration of phenolic compounds in plant 
tissues. 

2. Material and methods 

2.1. Study area 

The study was performed in Bahía Balandra, a shallow coastal 
wetland that covers approximately 52.5 ha in La Paz Bay in the southern 
Gulf of California, Mexico (Fig. 1). Bahía Balandra includes a coastal 
lagoon, mangroves, rocky reefs, and several populations of the seagrass 
H. wrightii. The area is in the subtropical arid zone, and the normal 
seawater temperature ranges from 12 to 39.5 ◦C (Sicard-González et al., 
2012). Extreme climatological events such as tropical cyclones or hur
ricanes occur regularly in the area, and although their frequency and 
intensity can vary (Luja and Rodríguez-Estrella, 2010), these events are 
becoming increasingly severe and more common (Knutson et al., 2015). 
The area has belonged to the RAMSAR International Wetland Conven
tion since 2008; it was declared as a Protected Area in 2012 by the 
Mexican Government and as a Natural Heritage Site by UNESCO in 2013 
(Comisión Nacional de Área Naturales Protegidas, 2016). The seagrass 
populations in Bahía Balandra are composed of monospecific patches of 
the seagrass H. wrightii with a scattered distribution (Pérez-Estrada et al., 
2021). This experiment was conducted at the subtidal site called la Poza 
(24◦ 19′ 0.54″ N, 110◦ 19′ 30.53″ W) in April 2016, during the period of 
maximum growth of H. wrightii. 

The H. wrightii patches in the study area have been monitored since 
2010 as part of research focused on seagrass establishment, community 
dynamics, and growth. As part of the monitoring program, three main 
zones were surveyed every six months, and every H. wrightii patch 
(including new ones) was measured and GPS-referenced (Pérez-Estrada 
et al., 2021). The data from this monitoring program allowed us to 
identify the location, size, and age of each H. wrightii patch in the area. 
At the time of our experiment, the study area included 59 noncontiguous 
patches covering a surface of approximately 4420 m2. For our study, we 
selected subtidal patches at the same depth (0.5 m at low tide) and 
separated by at least 10 m with three different ages since establishment: 
i) patches established in 2014 (2 years old); ii) patches established in 
2012 (4 years old); and iii) patches established in 2010 (6 years old). The 
average sizes of the 2-, 4-, and 6-year-old patches were 4.1 ± 1.2, 20.5 
± 4.6, and 36.2 ± 10.7 m2, respectively. Average water temperature in 
the area during the study period was 23.3 ± 0.12 ◦C and mean under
water daily irradiance was 590 ± 120 μmol photons m− 2 s− 1 (Egea et al., 
2023b). 

2.2. Simulated herbivory experiment 

Fishes in the study area, including members of the family Scaridae (e. 
g., parrotfish; Díaz-Uribe et al., 2007), preferentially feed on 
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fast-growing, early successional seagrass species, thus impacting the 
survival of the seagrass population (Burkholder et al., 2012). We 
simulated fish-induced herbivory damage and grazing pressure by 
manually clipping the leaves of H. wrightii individuals (e.g., Vergés et al., 
2008; Sanmartí et al., 2014; Tomas et al., 2015). For each successional 
age (i.e., 2, 4, and 6 years), we randomly selected six similarly sized, 
equal-depth patches (2 m at high tide) spaced at least 7 m apart, for a 
total of 18 patches per age. Three patches in each age group were left 
unmodified (control), while leaves were manually clipped in the other 
three (clipped treatment). In each experimentally modified patch, we 
trimmed approximately 50% of leaf biomass within a 20 × 20 cm square 
at the center of the patch, aiming for a final blade length of 2 cm above 
sediment level. Rhizomes were severed around the edge of each clipped 
plot at the beginning of the experiment to prevent nutrient translocation 
into the plots. All clippings were removed from the plots to avoid any 
artefacts derived from detritus accumulation. The control treatment was 
left unmodified, and blades therefore remained at the normal height of 
ca. 4.5 ± 0.8 cm above sediment level. We examined the apex of control 
shoots at the end of the experimental period to confirm that no marks of 
recent grazing were observed. The experimental time span was one 
month and clipped treatments were kept at constant trimming one-week 
intervals throughout the experiment. 

2.3. Measurement of plant response variables 

To determine the tolerance responses of H. wrightii to simulated 
herbivory, we collected several physiological measurements from indi
vidual plants. These measurements included above- (leaf) and below- 

ground (rhizome, root) dry weight (after drying for 72 h at 60 ◦C; g 
DW m− 2), shoot density (shoot m− 2), leaf growth rate (LGR; mg DW 
shoot− 1 d− 1), and leaf appearance rate (LAR; number of new leaves 
shoot− 1d− 1). The LGR was measured in control and clipped treatments 
using a modified Zieman method (Peralta, 2000). In short, this method 
involves placing a recognizable element (e.g., staple, tied fishing line, 
etc) or making a hole on one leaf of the shoot (typically the younger or 
second younger one) at a convenient reference point (typically the 
junction between the leaf and the leaf sheath). Then, shoots are left for a 
period (e.g., 15 or 30 days) and the incremental growth between the leaf 
base and the recognizable element or hole is measured upon harvest. For 
this method, we selected five shoots with sufficient leaf width (1–2 mm) 
in each plot to employ a hole just above the ligule of the outermost leaf 
using a hypodermic needle. Marked shoots were collected at the end of 
the experimental period to estimate the leaf appearance rate (LAR, Eq. 
(1)) and leaf growth rate (LGR, Eq. (2)), as follows: 

LAR=
∑

NL
/

tf − t0 (1)  

LGR=

(∑n
i=1

[(
LLi,j − LLi, 0

)

>0

tf − t0

)

∗
DW
LL

(2)  

where NL represents the number of new leaves that appeared between 
the punching day (t0) and collecting day (tf), LL is the leaf length (cm); 
the subscript i refers to the ith leaf within the shoot; n is the total number 
of leaves at the end of the study period; the subscripts f and 0 refer to the 
final and initial conditions, respectively; and DW/LL is the dry weight/ 
length ratio for leaves (g DW cm− 1 leaf). (Peralta et al., 2021). 

Fig. 1. Pictures of (a) the sampling area (black areas around deeper water represent H. wrightii patches) and (b) a representative 6-year-old seagrass patch. Map inset 
at the top shows the study area in Bahía Balandra, in the southern Gulf of California (Baja California Peninsula, Mexico). 
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At the end of experimental period, samples were collected from the 
center of every plot using a 20 cm diameter corer. All rhizomes, roots, 
leaves, and sediment were removed and placed in plastic-sample bags. 
Samples were transported in an ice chest and then stored at − 24◦C in the 
laboratory until processing. In the laboratory, five shoots from each plot 
were randomly selected for analysis and carefully cleaned of epiphytes 
using a piece of soft paper. Physiological traits, including carbon (C), 
nitrogen (N), sucrose, starch in above- and below-ground tissues and the 
total non-structural carbohydrates (i.e., the sum of sucrose and starch in 
aboveground and belowground tissues; total NSC) contents were 
analyzed as compensation mechanisms of plants. For these analyses, 
dried leaves, rhizomes, and roots were ground to a fine powder. The 
total C and N contents in all tissues were measured in subsamples using a 
PerkinElmer 2400 elemental analyzer. Total NSC in above- and below- 
ground samples were measured in duplicate following the methods 
described by Alcoverro et al. (1999) and Brun et al. (2002). Sucrose was 
first solubilized by four sequential extractions in 96% (v/v) ethanol at 
80 ◦C for 15 min. The ethanol extracts were then evaporated under a 
stream of 40 ◦C air, and the resulting residues were then redissolved in 
10 ml of deionized water for analysis. Starch was extracted from the 
ethanol-insoluble residue by incubation for 24 h in 1 N NaOH. The su
crose and starch content of the extracts were determined spectropho
tometrically using a resorcinol and anthrone assay at absorbances of 486 
and 640 nm, respectively, with pure sucrose as the standard. 

To assess resistance-based responses to herbivore damage, we 
measured the total phenolic content (TPC) in five shoots from each plot 
using a modified Folin-Ciocalteau method (Bolser et al., 1998). Each 
sample was extracted in 1 ml 50% methanol at 4 ◦C for 24 h. We then 
mixed 0.1 ml of the supernatant into 7.9 ml distilled water and added 
0.5 ml Folin-Ciocalteau reagent. After a 2 min incubation, 1.5 ml NaCO3 
solution was added to the sample. The sample was allowed to incubate 
for 2 h to allow for color development, and then absorbance was 
measured spectrophotometrically at 765 nm using chlorogenic acid as 
standard (Martínez-Crego et al., 2016). 

2.4. Data and statistical analysis 

Summary statistics are presented as mean and standard error (SE). 
We used generalized linear models (GLMs) to test how our different 
response variables varied with each of patch age (3 levels) and treatment 
(control and clipped). Response variables were modeled with a Gaussian 
distribution and identity link. The goodness of fit of each model was 
assessed by checking the normality and homoscedasticity of the re
siduals with the Shapiro-Wilk and Levene’s tests, respectively. When the 
residuals of the Gaussian GLMs did not meet normality assumptions, as 
was the case for the sucrose content of aboveground biomass, we used 
GLMs with a Gamma error distribution and reciprocal link function. If a 
model was significant, we performed pairwise comparisons using esti
mated marginal means with a Bonferroni correction (“emmeans” R 
package; Lenth et al., 2019). The significance level (α) for all tests was 
0.05, and all statistical analyses were performed using R 4.2.2 (R 
Development Core Team, 2022). 

3. Results 

Aboveground biomass and shoot density increased with patch age in 
control treatments, showing a trend to increase, on average, 2.5-fold 
from 2-year-old to 6-year-old patches. Likewise, belowground biomass 
increased 2.9-fold across patch age. Because belowground biomass 
increased more than aboveground biomass, the aboveground/below
ground biomass ratio correspondingly decreased as patch age increased 
(1.15 ± 0.18, 1.08 ± 0.19, and 0.68 ± 0.06 for 2-, 4- and 6-year-old 
patches, respectively). The experimentally clipped patches had a 
higher aboveground biomass and shoot density than controls, regardless 
patch age. However, this difference was only statistically significant in 
the youngest patches, where aboveground biomass and shoot density 

were higher (2- and 2.4-fold, respectively) in clipped plot with respect to 
their controls counterparts (Fig. 2, Appendix A Table S1). 

The leaf appearance rate (LAR) and leaf growth rate (LGR) were 
similar in control treatments across all patch ages. The experimental 
clipping triggered a sharp increase in both LAR and LGR relative to 
controls, independent of patch age. On average, LAR and LGR increased 
by 11.8- and 4.5-fold, respectively, in response to clipping. However, 
post-clipping LAR and LGR were significantly higher in the youngest 
patches compared to the oldest patches (Fig. 3, Appendix A Table S2). 

With respect to nutrient composition, seagrass C content was not 
affected by patch age or experimental clipping, but the N content varied 
with both age and treatment. The N content of aboveground biomass 

Fig. 2. Above- and belowground biomass (a, b) and shoot density (c) of Hal
odule wrightii plants in patches of different ages. Letters (for control patches) 
and symbols (for clipped patches) indicate significant differences among patch 
ages independent of the clipping treatment; asterisks above pairs of columns 
indicate significant differences between treatments (i.e., control and clipped) 
for each patch age. Data represent mean ± SE (n = 3), and significance was 
defined at p < 0.05. 
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was highest in 6-year-old control patches (2.99 ± 0.03% for this group 
compared to 1.96 ± 0.14% in 2-year-old control patches), which 
accounted this treatment having the lowest C/N ratio (Fig. 4a and c, 
Appendix A Table S3). In response to clipping, the N content of above
ground biomass decreased by 21% in the 6-year-old patches (from 2.99 
± 0.03% to 2.37 ± 0.29%) but increased by 25% in the 2-year-old 
patches (from 1.96 ± 0.14% to 2.44 ± 0.11%). A similar response was 
observed for the N content of belowground biomass, which decreased by 
20% in 6-year-old patches after experimental clipping (from 2.65 ±
0.07% to 2.12 ± 0.25%) but increased by 11% in the 2-year-old patches 
(from 2.36 ± 0.16% to 2.61 ± 0.09%), though this difference was only 
significant for older patches. Clipping did not induce any significant 
differences in the N content of above- and belowground biomass in the 
4-year-old patches (Fig. 4, Appendix A Table S3). 

In control treatments, the sucrose content of the aboveground and 
belowground biomass increased with patch age. Aboveground starch 
content was also higher in the 6- and 4-year-old patches relative to the 2- 
year-old patches, but belowground starch did not vary significantly with 
patch age. Experimental clipping led to a reduced total NSC relative to 
same-age controls, especially in older patches (reductions of 73%, 36%, 
and 7% in 6-, 4-, and 2-year old patches, respectively). Although the 
clipping treatment did not cause significant changes in plant sucrose and 
starch content in the youngest patches; sucrose and starch content 
significantly decreased in the 4- and 6-year-old patches (Fig. 5; Appen
dix A Table S4). 

The total phenolic concentration (TPC) in leaves also differed among 
patches with different ages, with the youngest control patches exhibiting 
the highest overall TPC content. At the end of the experimental period, 
the TPC of 6-year-old seagrass was 1.2-fold higher in the clipped patches 

relative to same-age controls (1.80 ± 0.07% vs. 1.50 ± 0.06%). By 
contrast, the TPC of 2-year-old seagrass was 0.26-fold lower after clip
ping. Both these differences were significant (Fig. 6, Appendix A 
Table S5). 

4. Discussion 

Our results showed that H. wrightii shoots of all ages compensate for 
herbivory pressure by increasing leaf growth rates. The growth rates 
measured in this study are similar to those from previous studies 
analyzing seagrass grazing response in the tropical seagrass Thalassia 
testudinum (Valentine et al., 1997; Moran and Bjorndal, 2005) and the 
temperate seagrasses Posidonia oceanica (Vergés et al., 2008) and 
P. sinuosa (Burnell et al., 2013). With respect to age-dependent 
compensatory responses, the youngest (2-year-old) patches exhibited 
the highest increase in aboveground biomass, shoot density, and leaf 
appearance and growth rates in response to experimental clipping. This 
finding contradicted our expectations: because older patches have more 
belowground reserve tissues and more interconnected ramets (i.e., 
modules composed by leaves, pieces of rhizome, roots, flowers, or in
florescences that often remain connected sharing resources; Kuo and 
Hartog, 2006), we had expected their growth rates to increase more 
rapidly (Rasheed, 2004; Grech et al., 2018). Instead, our results suggest 
that compensatory growth was more efficient in younger patches. We 
attribute this result to three separate processes. First, younger H. wrightii 
patches have been shown to have a higher rate of primary production 
per biomass unit. In our same study area, Egea et al. (2023b) reported 
that younger H. wrightii patches were more productive per biomass unit 
due to their higher aboveground/belowground biomass ratio, which 
necessarily decreases the proportion of non-photosynthetic tissues and 
thereby the respiration rate. The aboveground/belowground biomass 
ratio strongly influence the plants carbon budget because belowground 
respiratory tissues rely on photosynthates provided by shoots. This may 
constrain the growth of shoots in low-light environments or conditions 
(such as the loss of photosynthetic tissues by herbivory) (Peralta et al., 
2002; Jiménez-Ramos et al., 2023). Second, we suspect that the higher 
total aboveground biomass and shoot density in the 4- and 6-year-old 
patches may increase self-shading of the canopy relative to 2-year-old 
patches, thus reducing their capacity to produce new leaf tissues 
(Enríquez and Pantoja-Reyes, 2005; Pérez-Estrada et al., 2021; 
Jiménez-Ramos et al., 2023). Third, the role of water flow within the 
patches might have influenced the differences among patch ages, 
although this process is probably of less relative importance than the 
previous two processes described. Despite all H. wrightii patches we 
studied were located in the same area and subjected to the same hy
drodynamic conditions, it is possible that water flow within the canopy 
was higher in the youngest patches because they have significantly 
lower biomass and shoot density (Dahl et al., 2018; Egea et al., 2023c). 
Seagrass beds are well known for their ability to alter their local hy
drodynamic environment, reducing current velocities and momentum 
within the canopy (Risandi et al., 2023). Increasing the residence time of 
dissolved nutrients within the meadow may promote the nutrient or 
resources uptake by the plants or by the associated fauna 
(González-Ortiz et al., 2014). However, the increase in current velocities 
have also been shown to enhance nutrient uptake by plants, which has 
been attributed to a decrease in the thickness of the diffusive boundary 
layer adjacent to plant cells and to the renovation of nutrients around 
the seagrass leaves (Morris et al., 2008; Pujol et al., 2019). The relatively 
low hydrodynamic condition in the area (as much as 14.1 cm s− 1 during 
ebb tide; Gutiérrez-Sánchez, 1987) led us to suspect that the lower shoot 
density may benefit younger patches by enhancing volumetric flow rates 
within their canopy and, thereby, the nutrient uptake that may support 
the production of new leaf tissue (Morris et al., 2008, 2013). 

Internal mobilization of nitrogen reserves is another important 
tolerance response that facilitates compensatory growth in seagrasses 
(Alcoverro et al., 2001). We correspondingly observed a significant 

Fig. 3. Leaf appearance rate (a) and leaf growth rate (b) of Halodule wrightii 
plants in patches of different ages. Letters (for control patches) and symbols (for 
clipped patches) indicate significant differences among patch ages independent 
of the clipping treatment; asterisks above pairs of columns indicate significant 
differences between treatments (i.e., control and clipped) for each patch age. 
Data represent mean ± SE (n = 3), and significance was defined at p < 0.05. 
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increase in the leaf N content in clipped plants from the youngest 
patches, though we did not observe a parallel increase in rhizome N 
reserves. We therefore suspect that nutrient uptake from the environ
ment was higher in the youngest patches, an assumption supported by 
previous studies (McNaughton, 1983; Jaramillo and Detling, 1988) and 
by the hypothesized increase in volumetric flow rate within younger 
patches (Morris et al., 2008, 2013). Greater N uptake and mobilization 
presumably allows younger plants to regrow swiftly after herbivory 
damage. However, younger patches also had the highest total N content 
per unit biomass, which may affect the palatability of the tissues; indeed, 
plant nutritional composition plays a central role in determining her
bivore feeding patterns in marine habitats (Bjorndal, 1980; Goecker 
et al., 2005; Jiménez-Ramos et al., 2018). On the other hand, the 
reduced total N content in clipped plants from the oldest patches sug
gests that these plants lose some of their nutritional quality in response 
to herbivory. Some authors have suggested that a reduction in leaf N 
concentration could be a defense mechanism against future grazing 
(Augner, 1995; Valentine et al., 1997); however, this hypothesis needs 
to be more rigorously assessed in future research. Besides, the mobili
zation of carbohydrate reserves also play a major role in the ability of 
plants to withstand disturbances such as the loss of aboveground tissues 
(Eklöf et al., 2008; Egea et al., 2018) and it is considered as a tolerance 
response against herbivory (Vergés et al., 2008). We observed a sharp 
reduction in total NSC in 4- and 6-year-old patches in response to 

clipping, which may be linked to the relatively higher belowground 
biomass in these patches. Older patches have a lower above
ground/belowground biomass ratio, indicating that the proportion of 
non-photosynthetic tissues increases with patch age. With fewer 
photosynthetic tissues, older plants must metabolize their carbohydrate 
reserves to meet their higher respiratory demand (Brun et al., 2008; 
Jiménez-Ramos et al., 2023). Because H. wrightii is a fast-growing spe
cies, it has a relatively low rhizome storage capacity, meaning that the 
herbivory-induced reduction of internal carbohydrate reserves might 
make this species more vulnerable to additional stressors (Hauxwell 
et al., 2001; Villazán et al., 2015). 

In addition to tolerance-based responses to herbivory, seagrasses 
may also produce phenolic compounds as a chemical defense against 
herbivory (Arnold and Targett, 2002). These C-based organic com
pounds modify seagrass palatability, though the literature on their effect 
is not consistent: while some studies have found that phenolic produc
tion increases palatability (Martínez-Crego et al., 2015), others have 
found the opposite effect (Vergés et al., 2008). In this study, we observed 
two contrasting responses in chemical defense production depending on 
patch age. First, clipped leaves from the oldest patches had higher total 
phenolic content (TPC) than same-age controls, in addition to reduced 
nutritional quality due to their reduced leaf N content. This combined 
response supports the defense syndrome hypothesis against herbivory 
(Agrawal and Fishbein, 2006; also called the syndrome of low 

Fig. 4. The C/N ratio (a, d), carbon content (b, e) and nitrogen content (c, f) of the aboveground biomass (left panel) and belowground biomass (right panel) of 
Halodule wrightii plants in patches of different ages. Letters (for control patches) and symbols (for clipped patches) indicate significant differences among patch ages 
independent of the clipping treatment; asterisks above pairs of columns indicate significant difference between treatments (i.e., control and clipped) for each patch 
age. Data represent mean ± SE (n = 3), and significance was defined at p < 0.05. 
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vulnerability plants), which suggests that plants suffering from herbivory 
pressure invest more in defenses (structural and phenolics) at the cost of 
nutritional quality (N content in leaves). On the other hand, clipped 
leaves from the youngest patches had lower TPC than same-age controls. 
These younger plants also maintained higher growth rates and carbo
hydrate reserves than other patches despite having a similar total carbon 
content. Importantly, phenolic compounds not only function as defen
sive secondary metabolites against herbivory but can also participate in 
a wide number of plant functions (e.g., antioxidants: Hodzic et al., 2009; 

antimicrobials: Vergeer and Develi, 1997; anti-fungal: Jensen et al., 
1998). Previous studies in terrestrial plants have reported that some of 
the carbon used for cell wall construction during plant growth comes 
from phenolic compounds (Abdulrazzak et al., 2006; Merali et al., 
2012); for example, phlorotannin, a tannin produced by brown sea
weeds, is predicted to accumulate not only in response to the need for 
chemical defense but also in response to the demand for it during cell 
wall construction (Arnold and Targett, 2002). The role of phenolics as 
primary metabolites has also been suggested in simulated herbivory 
experiments in temperate seagrasses such as Posidonia oceanica (Vergés 
et al., 2008) and Cymodocea nodosa (Sanmartí et al., 2014). Our study 
accordingly supports the importance of phenolics in primary metabolic 
processes. 

Our results evidenced that herbivores are a key force affecting sea
grass survival during meadow colonization and growth. Plant defense 
responses are the result of a complex interplay among habitat selection 
pressures (Agrawal, 2011), nutrient availability (Tomas et al., 2011), 
genetic variability (Hernán et al., 2022), and patch ages (this study). 
Here we reported significant differences in the strategy followed by 
H. wrightii to face herbivory damage depending on the patch age, 
indicative of age-dependent plasticity. This has important ecological 
consequences. Our result indicated that younger patches used compen
satory responses (i.e., higher regrowth) instead of using of chemical 
(phenolic content) or physiological (reduction in total NSC) defenses, 
which were observed in older patches along with a lower compensatory 
response. Consequently, our results indicate that herbivores, by prefer
entially feeding on younger seagrass patches, make meadows more 
susceptible to additional stressors (Stockbridge et al., 2020). The Gulf of 
California is changing, as exotic invaders and climate change modify the 
functioning and environmental status of this sea (Páez-Osuna et al., 
2016). As temperatures rise, existing trophic interactions are also likely 
to be modified by climate change (Valentine and Heck, 2021). How 
Halodule wrightii will respond to these new pressures is still an open 
question, but its resilience to herbivory is most likely going to be 

Fig. 5. Sucrose (a, b) and starch (c, d) content in aboveground biomass (left panel) and belowground biomass (right panel) of Halodule wrightii plants in patches of 
different ages. Letters (for control patches) and symbols (for clipped patches) indicate significant differences among patch ages independent of the clipping treatment; 
asterisks above pairs of columns indicate significant difference between treatments (i.e., control and clipped) for each patch age. Note difference in y-axis scale. Data 
represent mean ± SE (n = 3), and significance was defined at p < 0.05. 

Fig. 6. Total phenolic content (%) in leaves of H. wrightii plants in patches of 
different ages. Letters (for control patches) and symbols (for clipped patches) 
indicate significant differences among patch ages independent of the clipping 
treatment; asterisks above pairs of columns indicate significant difference be
tween treatments (i.e., control and clipped) for each patch age. Data represent 
mean ± SE (n = 3), and significance was defined at p < 0.05. 
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dependent on the continued effectiveness of the mechanisms we 
described. Our results confirm the importance of incorporating the patch 
age to develop accurate decisions for seagrass ecosystem management 
like restoration projects, illustrating some of the yet undocumented links 
between patch chronosequence and the success of restoration (Kinde
berg et al., 2023). For example, our results showed that young H. wrightii 
patches evidence higher regrowth rates after shoot damage. We, there
fore, suspect that the horizontal rhizomatic growth, needed to rooting, 
extend and stablish the meadow, could be relatively higher at the 
beginning of the restoration process using shoots from younger donor 
meadows. Likewise, the recovery of the donor meadow might be rela
tively faster. However, if restoration places are subjected to high her
bivory rates, shoots from older meadows probably will be more 
adequate to face this natural stress in the area at the beginning and 
critical period of restoration process. These hypotheses should be 
rigorously assessed in future research. 

5. Conclusions 

H. wrightii populations exhibit an age-dependent plasticity in 
response to simulated herbivory. Specifically, simulated herbivory 
damage (via experimental clipping) can induce substantial compensa
tory responses, the most notable of which was an increase in leaf growth 
rate in patches of all ages. Other tolerance responses included the 
mobilization of internal resources, which was more prominent in older 
patches. The resistance response, which we defined as increased leaf 
phenolic content following clipping, was only observed in plants from 
the oldest patches; in younger patches, leaf phenolic content decreased 
while compensatory growth increased and total carbon content 
remained unchanged, suggesting that phenolic compounds were being 
reallocated towards growth and metabolism. Overall, our results suggest 
that herbivores are a key force affecting seagrass survival during 
meadow colonization and growth. As natural disturbances become 
increasingly common in an era of rapid global change, an understanding 
of how seagrass establishment and colonization dynamics change in 
response to grazing damage will be increasingly relevant to the con
servation and restoration strategies for these vulnerable ecosystems. 
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Yamuza-Magdaleno, A., Cerezo-Sepúlveda, L., Pérez-Lloréns, J.L., Brun, F.G., 2023a. 
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Jiménez-Ramos, R., Egea, L.G., Vergara, J.J., Brun, F.G., 2021. Factors modulating 
herbivory patterns in Cymodocea nodosa meadows. Limnol. Oceanogr. 66, 
2218–2233. https://doi.org/10.1002/lno.11749. 

Kindeberg, T., Attard, K.M., Hüller, J., Müller, J., Quintana, C.O., Infantes, E., 2023. 
Structural complexity and benthic metabolism: resolving the links between carbon 
cycling and biodiversity in restored seagrass meadows. Biogeosci. Discuss. https:// 
doi.org/10.5194/bg-2023-173. 

Knutson, T.R., Sirutis, J.J., Zhao, M., Tuleya, R.E., Bender, M., Vecchi, G.A., Villarini, G., 
Chavas, D., 2015. Global projections of intense tropical cyclone activity for the late 
twenty-first century from dynamical downscaling of CMIP5/rcp4.5 scenarios. 
J. Clim. 28, 7203–7224. https://doi.org/10.1175/JCLI-D-15-0129.1. 

Kuo, J., Hartog, C. den, 2006. Seagrass morphology, anatomy, and ultrastructure. In: 
Seagrasses: Biology, Ecology and Conservation. Springer Netherlands, Dordrecht, 
pp. 51–87. https://doi.org/10.1007/978-1-4020-2983-7_3. 
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Peralta-Peláez, L.A., Higueredo, L.E.S., Medina, K.P.A.R., Aguayo, K.V.S., 2017. The 

biological flora of coastal dunes and wetlands: Halodule wrightii Ascherson. J. Coast 
Res. 33, 938–948. https://doi.org/10.2112/JCOASTRES-D-14-00162.1. 
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