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Abstract 25 

Some seagrass species thrive in shallow intertidal zones globally, adapting to periodic tidal 26 

inundation and exposure with distinctive physiological traits and offering crucial ecosystem 27 

services. However, predicting the responses of intertidal seagrasses to external stressors is 28 

hampered by the complexity of the dynamic and harsh environments they occupy. Consequently, 29 

intertidal seagrass growth models, especially those incorporating dynamic physiological 30 

responses, are scarce in the literature. Our study comprehensively collated relevant data from the 31 

literature to parameterize the relationship between air exposure, seagrass leaf water content and 32 

photosynthetic efficiency to inform new growth rate functions for generalisable intertidal 33 

seagrass growth models. We tested the applicability of these model formulations for scenarios 34 

with varying physiological process assumptions, seagrass species, tidal conditions, meadow 35 

elevations and water turbidity. We found that neglecting air-exposed physiological responses 36 

(i.e., leaf water content loss and reduced photosynthetic efficiency) can substantially 37 

overestimate seagrass growth rates. We also observed a trade-off between light deprivation and 38 

desiccation on intertidal seagrass growth under specific tidal ranges and turbidity conditions. 39 

This can yield an “optimal” elevation where overall stress of desiccation (increasing with 40 

meadow elevation) and light deprivation (decreasing with meadow elevation) are minimized. 41 

The predicted optimal elevation, i.e., the most suitable habitat for intertidal seagrass, moves 42 

upward as water turbidity increases. Our study provides conceptual and quantitative guidance for 43 

ecological modellers to include air exposure responses of intertidal seagrasses in coastal 44 

ecosystem models. The model also helps to evaluate the viability of intertidal seagrass habitats 45 

and inform decisions on coastal ecosystem management under changing environmental 46 

conditions. 47 

Keywords: Intertidal seagrasses; Air exposure; Physiological responses; Tidal cycle; Habitat 48 

suitability 49 

 50 

Plain Language Summary  51 

Some seagrasses grow in intertidal zones where they are periodically exposed or submerged due 52 

to the rise and fall of tides. However, predicting how these valuable ecosystems respond to such 53 

stresses in a highly dynamic and harsh environment is difficult. Our study collated relevant data 54 
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from the literature to quantify the physiological responses of intertidal seagrasses to air exposure, 55 

and further developed intertidal seagrass growth models by incorporating these responses. We 56 

tested these models for different seagrass species and under various field conditions, and found a 57 

substantial decline in seagrass growth rates when considering air-exposure responses. We also 58 

observed that intertidal seagrass growth was affected by both light reduction (increasing with 59 

seagrass meadow elevation) and desiccation stress (decreasing with meadow elevation), and the 60 

most suitable habitat for seagrass growth is located at the elevation where the combined stress 61 

are minimal. The most suitable elevation for intertidal seagrass increases as water turbidity 62 

increases. Our model can help assess the suitability of intertidal seagrass habitats and  inform 63 

decisions on coastal ecosystem management under changing environmental conditions. 64 

 65 

1 Introduction 66 

Seagrass meadows are among the most productive marine ecosystems in the world, and are 67 

widely distributed in both tropical and temperate coastal waters (Orth et al., 2020). Seagrasses 68 

are usually restricted by the upper depth limit due to air exposure at low tides and desiccation 69 

(Shafer et al., 2007; Suykerbuyk et al., 2018). As such, many seagrass species are intolerant to 70 

these conditions and are unable to grow in intertidal zones (Koch, 2001). However, there are 71 

some species, including a few temperate species such as Nanozostera japonica (Zostera 72 

japonica), Z. marina, Z. noltei (Z. noltii), as well as subtropical or tropical species such as 73 

Halophila ovalis and Thalassia hemprichii, that thrive in the shallow intertidal zones of 74 

estuaries, lagoons and other coastal areas (Colomer & Serra, 2021; Shafer et al., 2007). Intertidal 75 

seagrass meadows function as essential foraging habitats (Espadero et al., 2020) and blue carbon 76 

stock, yielding higher organic carbon burial rates than subtidal seagrasses (de los Santos et al., 77 

2022). In recent years, seagrass meadows have experienced continuous degradation caused by 78 

multiple stressors (Waycott et al., 2009). Meanwhile, intertidal seagrass ecosystems are subject 79 

to more dynamic and harsh environments, highlighting the complexity of assessing and 80 

predicting their dynamics and interactions with environmental stressors when aiming to inform 81 

their protection and restoration.  82 

 83 

The clear dependence of seagrass growth on environmental conditions enables the development 84 

of mathematical models to represent the physiological relationships between environmental 85 
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conditions and seagrasses (Scalpone et al., 2020). Mathematical models serve as useful tools for 86 

testing different environmental scenarios, offering insights that might not be achievable through 87 

traditional experiments. Existing seagrass models commonly include underwater light and 88 

temperature as driving forces on plant-scale processes including respiration, photosynthesis, and 89 

mortality (Elkalay et al., 2003; Piercy et al., 2023). Some models also include interspecific 90 

relationships such as the effects of algae and phytoplankton on light attenuation (Baird et al., 91 

2016) and consumer-grazing effects (Turschwell et al., 2022). Other models expand their 92 

functionality by coupling with hydrodynamic and/or biogeochemical models to account for 93 

ecosystem-scale seagrass growth dynamics (Carr et al., 2012; Scalpone et al., 2020). However, 94 

the majority of the existing models lack the ability to simulate intertidal seagrass dynamics that 95 

are subject to periodic tidal inundation and air exposure (Erftemeijer et al., 2023; Folmer et al., 96 

2012). To our best knowledge, only one previous study has developed formulations for the 97 

response of relative water content of intertidal seagrass leaves to different tidal conditions 98 

(Azevedo et al., 2017). However, it did not mathematically link the loss of relative water content 99 

to the photosynthetic process and subsequent vegetation growth dynamics. In the present work, 100 

we address this literature gap for the modeling of intertidal seagrasses. 101 

 102 

Light deprivation due to tidal inundation is regarded as the most critical stressor influencing 103 

photosynthesis, growth and depth distribution of seagrasses including intertidal species (Bertelli 104 

& Unsworth, 2018; Koch, 2001). Alternatively, when exposed to air, intertidal seagrasses may 105 

exhibit photo-inhibition at high solar irradiances, and experience desiccation due to reduced leaf 106 

water content, both leading to declines in net photosynthesis (Kim et al., 2016). In addition, 107 

intertidal seagrasses may suffer from high temperatures when air-exposed, and the predominant 108 

impact of increased temperature during low tides is accelerated desiccation of seagrasses (Che et 109 

al., 2022). Conversely, many field studies have also found that intertidal seagrasses can avoid 110 

photo-inhibition due to their high tolerance to light stress without damage to photosynthetic 111 

apparatus (Clavier et al., 2011; Petrou et al., 2013). Consequently, intertidal seagrasses may take 112 

advantage of high irradiance during low tides which serve as a “window” of photosynthetic relief 113 

(Petrou et al., 2013). For example, a previous study has found that air-exposed Z. noltei (Z. 114 

noltii) in the south coast of Portugal exhibited increased productivity attributed to sustained leaf 115 

hydration (Silva et al., 2005). Yet, the same intertidal species Z. noltei (Z. noltii) in southern 116 
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Spain showed a reduced photosynthesis rate attributed to severe desiccation during air exposure 117 

(Pérez-Lloréns et al., 1994). The contrasting results suggest that desiccation, which here refers to 118 

the reduction in the leaf water content, might be the key factor determining the photosynthetic 119 

responses of intertidal seagrasses. Therefore, light deprivation and desiccation are two dominant 120 

factors controlling intertidal seagrass growth. Light deprivation can only become potentially 121 

significant in the lower intertidal zone, whereas desiccation tends to have greater importance in 122 

the intermediate and upper zones (Cabaço et al., 2009). Since light deprivation effects on 123 

seagrasses have already been captured in the vast majority of seagrass models, we propose that 124 

physiological responses of intertidal seagrasses to air exposure, especially that triggered by 125 

alteration in leaf water content, should also be included in models of intertidal seagrass growth, 126 

to more accurately simulate their growth dynamics throughout tidal cycles. 127 

 128 

New model formulations should ideally be informed by experimental data, and several 129 

experimental studies have examined the photosynthetic responses of intertidal seagrasses to air-130 

exposed desiccation (Jiang et al., 2014; Leuschner et al., 1998; Shafer et al., 2007). Effective 131 

quantum yield of seagrass leaves is commonly measured as a metric of photosynthetic efficiency 132 

in these studies. Thus, the relative effect of air exposure on intertidal seagrass growth dynamics 133 

can be derived from the observed relationship between effective quantum yield and relative 134 

water content for different seagrass species.  135 

 136 

Hence, the main objectives of this study are four-fold: 1) to comprehensively collate data from 137 

experimental studies to parameterize the relationship between air exposure, relative water 138 

content of seagrass leaves and photosynthetic efficiency; 2) to develop a generalisable intertidal 139 

seagrass growth model based on these relationships throughout the tidal cycles; 3) to provide 140 

illustrative parameterisations of this model for various physiological process assumptions, tidal 141 

conditions, meadow elevation, water column turbidity, and seagrass species; and 4) to examine 142 

how model predictions of seagrass growth rates are altered by the explicit inclusion of intertidal 143 

processes. Our study provides conceptual and quantitative guidance for ecological modellers 144 

who wish to include air exposure responses of intertidal seagrasses in their coastal ecosystem 145 

models. Ultimately, it is hoped that the improved modeling made possible from this work will 146 

assist in the evaluation of viable seagrass habitats for restoration activities.  147 
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 148 

2 Methods 149 

2.1 Context for the intertidal seagrass model 150 

We start by describing the mathematical modeling context to articulate the scientific gap that our 151 

intertidal seagrass model fills. As is typical in seagrass growth models, we assume that carbon 152 

accumulation is the rate-limiting step for plant growth (Moreno-Marín et al., 2018; Poorter et al., 153 

2013). The net growth dS/dt of seagrasses is therefore assumed to be limited by the balance 154 

between carbon gain (photosynthesis, P) and carbon losses (e.g., respiration R, mortality m and 155 

dissolved organic carbon exudation E), 156 

        
𝑑𝑆

𝑑𝑡
= 𝐾(𝑃 𝑓𝑆(𝑆) − 𝑅 − 𝐸)𝑆 − 𝑚𝑆,                             (1) 157 

where S represents the local quantity of seagrass (typically written in units of dry-weight biomass 158 

per ground area, g DW m
-2

, or shoot density, shoots m
-2

), t is time (d), K is a conversion factor 159 

that accounts for the conversion of carbon gain/loss to seagrass gain/loss (in units of g DWg
-1

 C 160 

or shoot g
-1

 C), P is the gross photosynthesis rate (g C g
-1 

DW d
-1

 or g C shoot
-1

 d
-1

), 𝑓𝑆(𝑆) is a 161 

crowding function (dimensionless) that limits the growth of seagrass at high densities due to self-162 

shading, R is the respiration rate (g C g
-1 

DW d
-1

 or g C shoot
-1

 d
-1

), E is the dissolved organic 163 

carbon exudation rate (g C g
-1 

DW d
-1

 or g C shoot
-1

 d
-1

), and m is the mortality rate (d
-1

). It is 164 

common to define the crowding function so that 𝑓𝑆(𝑆) approximates unity at low density (i.e., at 165 

low values of S) and 𝑓𝑆(𝑆) decreases as S increases. What is meant here by a “low” value of S 166 

will depend on the precise mathematical form of the crowding function chosen. 167 

 168 

Eq. (1) is adapted from Kaldy (2012), and all loss processes described in Eq. (1) could be further 169 

split into losses from above- and below-ground biomass as needed. However, not all processes in 170 

Eq. (1) are included in all seagrass models; this equation is only provided here as a representative 171 

example of the modeling context in which our intertidal seagrass model is introduced (Section 172 

2.2). In different models, seagrass S is quantified in either units of biomass (Jarvis et al., 2014; 173 

Turschwell et al., 2022) or shoot density (Adams et al., 2020; Carr et al., 2012), although these 174 

two quantities are positively correlated (Vieira et al., 2018). Similarly, different seagrass models 175 

assume different crowding functions 𝑓𝑆(𝑆), including the logistic growth function (Turschwell et 176 

al., 2022) or functions derived from light uptake based on geometric characteristics of self-177 

shading (Baird et al., 2016); see Simpson et al. (2022) for other potentially relevant empirical 178 
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crowding functions. For the remainder of this paper, it will neither be necessary to specify the 179 

units in which seagrass is quantified nor define the form of the crowding function; our model 180 

results will be equally applicable to all choices of seagrass density units and crowding function. 181 

 182 

Gross photosynthesis is the only process in Eq. (1) contributing positively to seagrass growth. It 183 

is common to rewrite 𝐾𝑃 = 𝜇 so that Eq. (1) becomes 184 

   
𝑑𝑆

𝑑𝑡
= 𝜇𝑆𝑓𝑆(𝑆) − 𝑀𝑆,                                                    (2) 185 

where 𝜇 is the per-capita growth rate (d
-1

) at low seagrass densities (densities that make 𝑓𝑆(𝑆) 186 

approximate unity), and we have here grouped all loss terms into a per-capita loss rate M (d
-1

). In 187 

the present paper, we focus solely on the per-capita growth rate at low seagrass densities due to 188 

gross photosynthesis, 𝜇. 189 

 190 

Previous seagrass models assume that the growth rate 𝜇 (and by extension, the photosynthesis 191 

rate P) depends on light, temperature and/or nutrients (Baird et al., 2016; Elkalay et al., 2003; 192 

Turschwell et al., 2022). If information about the cumulative interaction between these factors is 193 

known (i.e., synergistic, additive or antagonistic), this information can be included in the 194 

mathematical definition of 𝜇 (Adams et al., 2020). However, in the absence of such information, 195 

two common methods of modeling the effects of interacting factors on growth rate are to assume 196 

a multiplicative (Turschwell et al., 2022) or the law of the minimum (Baird et al., 2016) 197 

formulation in the mathematical definition of 𝜇 . In the present work we will use both 198 

multiplicative (Eq. (3)) and law of the minimum (Eq. (4)) formulations of 𝜇, and consider the 199 

effects of two controlling factors on 𝜇 that have particular relevance in the intertidal zone - light 200 

and relative water content (RWC) of seagrass leaves, 201 

‘Multiplicative’ formulation:     𝜇(𝐼, RWC) = 𝜇max 𝑓𝐼(𝐼) 𝑓RWC(RWC),                                (3) 202 

‘Law of the minimum’ formulation:  𝜇(𝐼, RWC) = 𝜇max min{ 𝑓𝐼(𝐼), 𝑓RWC(RWC)}.                    (4) 203 

In these equations, 𝜇max  is the maximum growth rate (d
-1

),  𝑓𝐼(𝐼)  is a unitless function 204 

representing the effect of irradiance (i.e., light, or more precisely, photosynthetically active 205 

radiation or PAR) on the growth rate, and 𝑓RWC(RWC) is a unitless function representing the 206 

effect of RWC on the growth rate. Here, I (mol m
-2 

d
-1

) is the daily PAR dose at the seagrass 207 

canopy, and RWC is written as a fraction (bounded between 0 and 1 inclusive). It is assumed that 208 
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the unitless functions  𝑓𝐼(𝐼) and 𝑓RWC(RWC) can only take values between 0 and 1 inclusive, so 209 

that the growth rate 𝜇 satisfies 0 ≤ 𝜇 ≤ 𝜇max.  210 

 211 

Although we are here only considering the effects of two controlling factors on the growth rate, 212 

each with its own unitless function in Eqs. (3) and (4), we point out that future applications of the 213 

model components we introduce could also incorporate other interacting factors (e.g., 214 

temperature, nutrients). These other factors could be incorporated in any subsequent models by 215 

the inclusion of appropriately defined additional functions within the multiplicative or law of the 216 

minimum formulation of the growth rate 𝜇 defined in Eqs. (3) and (4) respectively. We next 217 

describe each of the two unitless functions we focus on here (light and RWC) in further detail. 218 

 219 

Various functional forms for the effect of irradiance on photosynthesis (and equivalently here, 220 

the growth rate) have been assumed in the literature (Jassby & Platt, 1976); there is not yet 221 

standardisation of this functional form in the marine biological modeling community (Tian, 222 

2006). For the purposes of illustrating the new intertidal seagrass model components that we 223 

introduce in this paper, we chose the Michaelis-Menten function for  𝑓𝐼(𝐼) in the present work 224 

(Olesen & Sand-Jensen, 1993), 225 

                                                                 𝑓𝐼(𝐼) =
𝛼𝐼

𝜇max+𝛼𝐼
 ,                                                         (5) 226 

where 𝛼 (d
-1

/(mol m
-2 

d
-1

)) indicates the efficiency of light utilisation for growth at low light. 227 

 228 

2.2 Including intertidal effects: Modification of seagrass growth rate due to air-exposure 229 

The photosynthesis rate of intertidal seagrasses is modified due to air exposure at low tides, and 230 

experimental data is available to parameterise this modification. Hence, we here describe 231 

mathematical relationships for how the seagrass growth rate may be altered by air exposure due 232 

to the loss of RWC in seagrass leaves when air exposed. The air-exposed responses of intertidal 233 

seagrasses are only triggered when the water depth drops to zero. The current conceptual 234 

understanding of the physiological processes for intertidal seagrasses when air-exposed and the 235 

associated equations considered in our model are shown in Figure 1. 236 

 237 
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 238 

Figure 1 Schematic diagram of physiological processes and equations of intertidal seagrasses 239 

when air-exposed. The processes in the blue dashed box are quantitatively described in this 240 

study. The equations shown in the figure are numbered as in the main text. 241 

 242 

2.2.1. The loss of relative water content 243 

RWC of seagrass leaves generally decreases exponentially with time when seagrasses are 244 

exposed to air (Jiang et al., 2014; Papathanasiou et al., 2020; Shafer et al., 2007). For seagrasses 245 

present at the water depth D (m), the air-exposure duration 𝑡air can be defined as a function of 246 

time 𝑡, 247 

 𝑡air(𝑡) = {
0,              if 𝐷(𝑡) > 0,
𝑡 − 𝑡0,     if 𝐷(𝑡) = 0,

                                           (6) 248 

where 𝑡0 marks the time when the water depth D first drops to zero during a single exposure-249 

inundation cycle. Here, when the water depth becomes zero (D = 0), it signifies the emersion 250 

(i.e., air exposure) of seagrasses, while a positive water depth (D > 0) indicates the inundation of 251 

the seagrasses. For clarity, Figure 2 provides a visualization of how Eq. (6) represents the 252 

variation of air-exposure duration during a single exposure-inundation cycle. 253 
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 254 

Figure 2 Variation of the water level 𝑍w(𝑡) and intertidal seagrass water depth 𝐷(𝑡) throughout 255 

the tidal cycle. Seagrass meadows may grow at (a) an elevation that is above mean sea level, i.e., 256 

𝑍b ≥ 0, or (b) at an elevation that is below mean sea level, i.e., 𝑍b < 0. In each of these two 257 

cases, the daily cycle of water level 𝑍w(𝑡) and intertidal seagrass water depth 𝐷(𝑡), can be 258 

assumed to approximately follow Eq. (12) and Eq. (13) respectively (introduced later in Section 259 

2.3). The air-exposure duration 𝑡air follows Eq. (6). For seagrass growing above mean sea level, 260 

this can result in daily time-series for 𝑍w(𝑡) and 𝐷(𝑡) following e.g., panel (c). For seagrass 261 

growing below mean sea level, this can result in daily time-series for 𝑍w(𝑡) and 𝐷(𝑡) following 262 

e.g., panel (d). 263 

 264 

The exponential decline of RWC in seagrass leaves with air-exposure duration 𝑡air  can be 265 

subsequently modelled as (Jiang et al., 2014; Seddon & Cheshire, 2001; Shafer et al., 2007) 266 

                                RWC(𝑡air) = exp(−𝑘𝑡air),                                                       (7) 267 

where k is the desiccation coefficient (units of d
-1

). As recovery of relative water content after re-268 

submersion is expected to be relatively rapid (Azevedo et al., 2017), Eq. (7) inherently assumes 269 

that the fully hydrated state (i.e. RWC = 1) is instantly recovered for seagrass leaves after re-270 

submersion. Thus, reduction in RWC only occurs when the water depth is zero (which 271 
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corresponds to 𝑡air > 0, see Eq. (6)), otherwise the seagrass leaves remain fully hydrated (𝑡air = 0 272 

in Eq. (6)). 273 

 274 

Experimentally, the desiccation coefficient (𝑘, in units of d−1) has been found to vary with 275 

different seagrass species and is positively correlated with air temperature T (Seddon & 276 

Cheshire, 2001). Data for k(T) has thus far only been collected at a small number of air 277 

temperatures; in the absence of other data, this relationship is assumed to be linear, 278 

                            𝑘(𝑇) = (𝑇 − 20)𝜎k + 𝑘20,                                               (8) 279 

where 𝜎k (d
-1

 ℃
-1

) is the slope of the linear equation k(T) when fitted to data for desiccation 280 

coefficient k versus air temperature T, and 𝑘20  (d
-1

) is the desiccation coefficient at the air 281 

temperature of 20ºC. If seagrass leaf desiccation data is not collected at different air 282 

temperatures, then Eq. (8) cannot be used. Conversely, this equation could be superseded by a 283 

more complicated (i.e., nonlinear) function if data for seagrass leaf desiccation coefficients is 284 

available for a large range of air temperatures. 285 

 286 

As an example, we determined the parameters 𝜎k and 𝑘20 for two seagrass species (Posidonia 287 

australis and Amphibolis antarctica) from best-fit calibration of Eq. (7) and (8) to data from the 288 

laboratory desiccation experiment described in Seddon & Cheshire (2001). Their experiment 289 

measured how RWC varies with 𝑡air  in P. australis and A. antarctica at four different air 290 

temperatures (18 ºC, 24 ºC, 28 ºC, 32 ºC). Figures S1-S3 in the Supporting Information show the 291 

plotted fits of Eq. (7) and (8) to the data, and Table S1 summarises the derived values of k(T), 𝜎k 292 

and 𝑘20 from these plotted fits. In Table 1, we compile data from Seddon & Cheshire (2001), as 293 

well as many other studies, to show the wide range of desiccation coefficients observed at 294 

different air temperatures across various seagrass species and locations. It is clear that the 295 

desiccation coefficients exhibit substantial variability, ranging from  8 d
-1

 to 260 d−1. 296 

 297 

Table 1  298 

Summary of desiccation coefficients and corresponding air temperatures of intertidal/subtidal 299 

seagrasses from the literature. 300 

Species
 a
 Location Air 

temperature 

Desiccation 

coefficient 

Reference 
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(℃) (𝐝−𝟏) 

Temperate 

Amphibolis 

antarctica 

Spencer Gulf, South 

Australia 

18 8.2
b
 Seddon & 

Cheshire (2001) 

Spencer Gulf, South 

Australia 

24 10.6
b
 Seddon & 

Cheshire (2001) 

Spencer Gulf, South 

Australia 

28 14.1
b
 Seddon & 

Cheshire (2001) 

Spencer Gulf, South 

Australia 

32 14.0
b
 Seddon & 

Cheshire (2001) 

Swan Bay, Australia NA 14.7
bc

 Pérez-Lloréns et 

al. (1994) 

Cymodocea 

nodosa 

Eleftheron Bay, 

Greece 

24 61.9
b
 Papathanasiou et 

al. (2020) 

Heterozostera 

tasmanica 

Swan Bay, Australia NA 21.8
c
 Pérez-Lloréns et 

al. (1994) 

Posidonia 

australis 

Spencer Gulf, South 

Australia 

18 10.8
b
 Seddon & 

Cheshire (2001) 

Spencer Gulf, South 

Australia 

24 12.9
b
 Seddon & 

Cheshire (2001) 

Spencer Gulf, South 

Australia 

28 15.6
b
 Seddon & 

Cheshire (2001) 

Spencer Gulf, South 

Australia 

32 16.8
b
 Seddon & 

Cheshire (2001) 

Swan Bay, Australia NA 15.9
bc

 Pérez-Lloréns et 

al. (1994) 

Nanozostera 

capensis  

(Zostera 

capensis) 

Southern coast of 

Africa 

25 62.7
cde

 Adams & Bate 

(1994) 

Nanozostera Padilla Bay, USA 22 193.0 Shafer et al. 
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japonica  

(Zostera 

japonica) 

(2007) 

Zostera marina Padilla Bay, USA 22 46.1 Shafer et al. 

(2007) 

Nanozostera 

muelleri  

(Zostera 

muelleri) 

Swan Bay, Australia NA 11.8
c
 Pérez-Lloréns et 

al. (1994) 

Tropical/ subtropical 

Cymodocea 

rotundata 

Ryukyu Islands, 

Japan 

24.5 28.8 Tanaka & 

Nakaoka (2004) 

Ryukyu Islands, 

Japan 

27 66.2 Tanaka & 

Nakaoka (2004) 

Oceana serrulata 

(Cymodocea 

serrulata) 

Ryukyu Islands, 

Japan 

24.5 30.2 Tanaka & 

Nakaoka (2004) 

Ryukyu Islands, 

Japan 

27 70.6 Tanaka & 

Nakaoka (2004) 

Enhalus 

acoroides 

Xincun Bay, China 24 20.2 Jiang et al. 

(2014) 

Xincun Bay, China 32 28.8 Jiang et al. 

(2014) 

Halophila 

decipiens 

East coast of Florida, 

USA 

NA 230.4
b
 Kahn & Durako 

(2009) 

Halophila 

johnsonii 

East coast of Florida, 

USA 

NA 259.2 Kahn & Durako 

(2009) 

Halophila ovalis Laem Yong Lam, 

Thailand 

NA 10.7
e
 Wuthirak et al. 

(2016) 

Xincun Bay, China 24 40.3 Jiang et al. 

(2014) 

Xincun Bay, China 32 38.9 Jiang et al. 
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(2014) 

Thalassia 

hemprichii 

Laem Yong Lam, 

Thailand 

NA 7.5
e
 Wuthirak et al. 

(2016) 

Ryukyu Islands, 

Japan 

24.5 18.7 Tanaka & 

Nakaoka (2004) 

Ryukyu Islands, 

Japan 

27 37.4 Tanaka & 

Nakaoka (2004) 

Note: 
a  

The name of seagrass species enclosed in brackets reflects the terminology previously 301 

used in the reference. We have revised this to reflect the current accepted name which is 302 

provided outside the brackets. 
b 

The data was collected from shallow subtidal seagrasses which 303 

could potentially be exposed to air at low tides, while all other data were from intertidal 304 

seagrasses; 
c 

The desiccation coefficient of this species was determined from the calibration of 305 

Eq. (7) to the data from corresponding references (Supporting Information Figure S4 shows the 306 

plotted fits of Eq. (7) to the data). 
d
 This desiccation rate value should be treated with caution, 307 

see the last plot within Supporting Information Figure S4. 
e 
These measurements were based on 308 

seagrass shoots, whereas all other measurements reported in this table were based on seagrass 309 

leaves. NA means data is not available in the literature.  310 

  311 

2.2.2. The response of photosynthetic efficiency to RWC loss 312 

In Section 2.2.1 we described how RWC of seagrass leaves is altered during the tidal cycle, 313 

which is similar to the desiccation module described in Azevedo et al. (2017). Here, we go one 314 

step further and connect the RWC changes through to seagrass dynamics via the effect of RWC 315 

on seagrass photosynthesis rate. 316 

 317 

Several experimental studies have reported a gradual decrease in effective quantum yield (a 318 

measure of photosynthetic efficiency) in seagrasses as RWC reduces (Jiang et al., 2014; Kahn & 319 

Durako, 2009; Shafer et al., 2007). Here, we use these experimental findings to propose three 320 

alternative formulations for the unitless function 𝑓RWC(RWC) which describes the effect of RWC 321 

on seagrass growth rate (see Eqs. (3) and (4)). As there is not yet sufficient quantitative 322 

information available in the literature for us to confidently propose models of recovery of 323 

photosynthetic efficiency after re-submersion, we assume that the photosynthetic efficiency is 324 
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instantly recovered for seagrass leaves after re-submersion. The precise form of the function 325 

𝑓RWC(RWC) is presumed here to be species-specific due to the species-specific differences in 326 

their tolerance to desiccation, although they may be location-specific as well (Section 3.1). The 327 

three alternative forms of 𝑓RWC(RWC) that we propose are as follows: 328 

 329 

Ⅰ. Linear model: In Kahn & Durako (2009) and Papathanasiou et al. (2020), the relationship 330 

between effective quantum yield and relative water content (RWC) for two temperate intertidal 331 

species, H. johnsonii and C. nodosa, was linear (Supporting Information Figure S5). This 332 

suggests a linear form of 𝑓RWC(RWC) which we introduce as: 333 

                    𝑓RWC(RWC) = RWC.                                                        (9) 334 

Eq. (9) gives that 𝑓RWC(RWC) = 1  when seagrass leaves are fully hydrated (RWC=1). The 335 

effective quantum yield is maximal, but usually less than one, when RWC=1 (Supporting 336 

Information Figure S5); this unavoidable inefficiency of the maximum effective quantum yield is 337 

scaled out in our mathematical formulation by the dimensionless form of 𝑓RWC(RWC).  338 

 339 

Ⅱ. Hyperbolic tangent model: In Jiang et al. (2014), the data for effective quantum yield 340 

versus RWC for tropical intertidal species T. hemprichii and E. acoroides were fitted to a 341 

standard hyperbolic tangent model. However, part of their data suggests that the value of 342 

𝑓RWC(RWC) could equal zero for some range of RWC > 0 (see Supporting Information Figure 343 

S6), which is a behavior that is not possible using a standard hyperbolic tangent model unless a 344 

modification is made to its form. Thus, we introduced a modified hyperbolic tangent form of 345 

𝑓RWC(RWC) to fit the data of Jiang et al. (2014); after scaling out the maximum effective 346 

quantum yield, this modified function 𝑓RWC(RWC) is: 347 

                                       𝑓RWC(RWC) = max {0, tanh (
RWC−RWCcrit

RWCk−RWCcrit
)}.                                      (10) 348 

In Eq. (10), RWCcrit   (dimensionless) is the critical value of RWC below which the 349 

photosynthesis rate is zero, RWCk  (dimensionless) is the value of RWC at which the 350 

photosynthesis rate is 76% (when RWC= RWCk, 𝑓RWC(RWC) = max{0, tanh(1)} ≈  0.76) of 351 

the maximum photosynthesis rate, and we enforce that the parameters RWCcrit and RWCk must 352 

be non-negative. Mean parameter values for Eq. (10) fitted to T. hemprichii and T. acoroides 353 

data from Jiang et al. (2014) are provided in Supporting Information Table S2. 354 
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 355 

Ⅲ Sigmoidal curve model: In Shafer et al. (2007), the data of effective quantum yield and 356 

RWC for temperate intertidal species N. japonica and Z. marina were fitted to a sigmoidal curve 357 

model (see Supporting Information Figure S7). After scaling out the maximum effective 358 

quantum yield, this model for 𝑓RWC(RWC) can be written as: 359 

                                    𝑓RWC(RWC) = (1 + exp (−𝑅(RWC − RWCh))−1.                      (11)                      360 

where 𝑅 (dimensionless) is the shape parameter of the fitted sigmoidal curve model, and RWCh 361 

(dimensionless) is the value of RWC that gives half of the maximum photosynthesis rate. Mean 362 

parameter values for Eq. (11) fitted to N. japonica and Z. marina data from Shafer et al. (2007) 363 

are provided in Supporting Information Table S2. 364 

 365 

2.3 Simulating the intertidal cycle of air exposure and inundation   366 

Now that a proposed modeling framework for intertidal seagrass has been fully described 367 

(Section 2.1, summarised in Figure 1), we next sought to simulate models within this framework 368 

to explore what these models predict. This requires simulation of the intertidal seagrass response 369 

to dynamically changing environmental conditions, including daily fluctuations in water depth, 370 

irradiance and air temperature. Daily variation of environmental conditions can be quite 371 

complex; hence, it will be useful here to define “minimum realistic” models (Geary et al., 2020) 372 

of the external environmental conditions for the purposes of exploring the consequences of our 373 

intertidal seagrass model formulations. Here, we describe minimum realistic models for daily 374 

fluctuations in water depth, irradiance and air temperature conditions, and later in Section 2.4.2 375 

we describe how we will use these models as environmental forcings for simulating our intertidal 376 

seagrass model. 377 

 378 

First, the tidal cycles affect the water depth in the intertidal seagrass meadows, leading to 379 

periodic air exposure of seagrasses. We assumed that air exposure of seagrasses was forced by 380 

the M2 and S2 tidal constituents (i.e., the dominant constituents that lead to typical spring-neap 381 

tidal cycles) in the intertidal zones. Therefore, two superimposed cosine curves with different 382 

amplitudes and periods representing the M2 and S2 tidal constituents (Balke et al., 2016) were 383 

simulated to determine the water level relative to mean sea level, 384 

                                       𝑍w(𝑡) = 𝐴M2 × cos (
2𝜋𝑡

𝑇M2
) + 𝐴S2 × cos (

2𝜋𝑡

𝑇S2
) ,                                    (12) 385 
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where 𝑍w(𝑡) is the water level (m) relative to mean sea level at time t (d), 𝐴M2 is the amplitude 386 

of the M2 tidal constituent (m), 𝑇M2 is the period of the M2 tidal constituent (d), 𝐴S2  is the 387 

amplitude of the S2 tidal constituent (m), and 𝑇S2 is the period of the S2 tidal constituent (d). 388 

Consequently, the water depth 𝐷 (m) at an intertidal seagrass meadow of interest is dictated by 389 

the changes in water level relative to meadow elevation, 390 

                                                       𝐷 = {
𝑍w − 𝑍b,   𝑖𝑓 𝑍w > 𝑍b,
0,                𝑖𝑓 𝑍w ≤ 𝑍b,

                                                      (13) 391 

where 𝑍b is the elevation of seagrass meadow relative to mean sea level (m). The relationship 392 

between water level 𝑍w  and intertidal seagrass water depth 𝐷  throughout the tidal cycle is 393 

visualised in Figure 2c & 2d. 394 

 395 

Second, a minimum realistic model for daily light fluctuations is as follows. The within-daily 396 

water surface light 𝐼s(𝑡) (in units of mol m
-2 

d
-1

) varies sinusoidally during the day, peaking at 397 

solar noon (i.e., 12 hours after solar midnight). However, the water surface light 𝐼s(𝑡) must also 398 

be zero at night. This can be accomplished by using a sinusoidal curve for 𝐼s(𝑡) that is truncated 399 

to be non-negative according to Johnson & Thornley (1984) and Adams et al. (2020), 400 

                 𝐼s(𝑡) = {
0,                                       𝑖𝑓 𝑡 ≤ 𝑡rise or 𝑡 ≥  𝑡rise + 𝐿,

 
𝜋

2𝐿
𝐼s̅ sin (

𝜋

𝐿
(𝑡 − 𝑡rise)) , 𝑖𝑓 𝑡rise ≤  𝑡 ≤  𝑡rise + 𝐿,      

                             (14) 401 

where 𝐼s̅ is the daily average water surface light (mol m
-2 

d
-1

), 𝑡 is the time since solar midnight 402 

(d), 𝑡rise  is the daily sunrise time (d), and 𝐿  is the day length (from sunrise to sunset) (d). 403 

Because tidal inundation of the seagrasses reduces the light they receive, the benthic light 𝐼(𝑡) 404 

experienced by the seagrasses can then be calculated from the Beer-Lambert law (Kirk, 1985), 405 

𝐼(𝑡) = 𝐼s(𝑡) 𝑒−𝐾d𝐷(𝑡),                                                      (15) 406 

where 𝐾d  is the light attenuation coefficient in the water column (m
-1

), assumed here to be 407 

spatiotemporally constant for simplicity. 408 

 409 

Finally, daily fluctuations in air temperature 𝑇air(𝑡)  (in units of ºC) can be coarsely 410 

approximated by a sinusoidal variation that peaks at a maximum air temperature some time 𝑡∅ (in 411 

d) after solar noon (Adams et al., 2020), 412 

𝑇air(𝑡) = �̅� − ∆𝑇 cos(2𝜋(𝑡 − 𝑡∅)),                                             (16) 413 
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where �̅� is the mean daily air temperature (℃) and ∆𝑇 (℃) is the maximum variation of daily air 414 

temperature from its mean value. A visualisation of Eqs. (14) and (16) is provided in Supporting 415 

Information Figure S8. 416 

 417 

2.4 Model simulations 418 

Using the data-calibrated intertidal seagrass model formulations and minimum realistic models 419 

for daily fluctuating environmental parameters introduced in the previous sections, we produced 420 

model simulations to explore both the applicability and consequences of the introduced 421 

formulations. First, we compared our data-calibrated formulations of seagrass photosynthetic 422 

efficiency reduction due to desiccation (captured by the function 𝑓RWC(RWC)) to previously 423 

published experimental results for the same seagrass species at different locations and for the 424 

same and different tissue types (i.e., leaf versus shoot). Further explanation of this comparison is 425 

provided in Section 2.4.1. Second, seagrass growth rates were simulated under a variety of 426 

physiological process assumptions and environmental scenarios to identify generalisable 427 

conclusions obtained from our introduced intertidal seagrass model formulations (Section 2.4.2). 428 

 429 

2.4.1. Investigating the applicability of a parameterised intertidal seagrass model to other 430 

locations and other seagrass tissue types 431 

We compared our data-calibrated formulations of seagrass photosynthetic efficiency reduction 432 

due to desiccation (𝑓RWC(RWC)) to data from additional experimental studies (Kim et al., 2020; 433 

Park et al., 2016). The purpose of this analysis was to identify the applicability of 𝑓RWC(RWC) 434 

functions parameterised by data from a seagrass species at a particular location and with a 435 

particular tissue type, to the same species (1) in different locations, and (2) for the same and 436 

different tissue types. This is an important modeling question to consider, as environmental 437 

models are often parameterised using data from one location and applied to another location. We 438 

sought to understand the validity of such an application for our introduced intertidal seagrass 439 

model formulations. 440 

 441 

To accomplish this, we simulated the relationship between photosynthetic efficiency scaled by 442 

its maximum, i.e., 𝑓RWC(RWC), and air-exposure duration 𝑡air , using Eqs. (7) and (11) 443 
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parameterised to data (Supporting Information Figure S7) obtained for Z. marina and N. 444 

japonica  leaves in Padilla Bay, USA (Shafer et al., 2007). We compared these predictions of 445 

𝑓RWC(RWC)  to measured photosynthetic efficiency changes for Z. marina and N. japonica 446 

reported in two experimental studies that were both carried out in the southern coast of South 447 

Korea (Kim et al., 2020; Park et al., 2016). Two datasets for Z. marina (Park et al., 2016) were 448 

available - both were for seagrass shoots, but at different sites within the southern coast of South 449 

Korea (Aenggang Bay and Koje Bay). Two datasets for N. japonica (Kim et al., 2020) were also 450 

available – both were measured at Koje Bay, but for different seagrass tissues (leaves and 451 

shoots). Hence these datasets allowed us to examine the applicability of 𝑓RWC(RWC) 452 

formulations parameterised for seagrass species in one location to the same seagrass species in 453 

other locations and for the same and different seagrass tissues. 454 

 455 

2.4.2. Investigating the dependence of intertidal seagrass growth rate on model assumptions and 456 

environmental conditions 457 

We then conducted a plethora of simulation scenarios for the introduced growth rate function 458 

𝜇(𝐼, RWC) using Eqs. (6)-(11), with environmental forcings provided by daily fluctuations in 459 

water depth, light, and air temperature (Eqs. (12)-(16)). These scenarios allowed us to investigate 460 

(1) what effects do inclusion of seagrass physiological responses to intertidal processes have on 461 

their growth rates (i.e. including the factor 𝑓RWC(RWC) in seagrass models), (2) what differences 462 

in growth rates arise from different model assumptions (i.e., the assumption of which form of 463 

𝑓RWC(RWC)  (Eq. (9)-(11)); and the assumption of whether cumulative stressors interact 464 

multiplicatively (Eq. (3)) or if seagrass respond only to the strongest stressor (Eq. (4)), and (3) 465 

the effects of water turbidity, meadow elevation and tidal range on intertidal seagrass growth 466 

rate. For the remainder of this section, we detail what simulations were performed to undertake 467 

these investigations. In all simulations, the total period simulated was 15 d to cover an entire 468 

spring-neap cycle, and we assumed that the within-daily fluctuations of light and air temperature 469 

did not change from day to day. 470 

 471 

Baseline scenario. We first describe a “Baseline” scenario for our simulations, which represents 472 

a specific set of environmental and seagrass growth characteristics that all our other “testing” 473 
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scenarios are compared to. In the Baseline scenario, the cumulative effect of light deprivation 474 

and desiccation on seagrass growth (I, RWC) was assumed to follow the multiplicative 475 

formulation (Eq. (3)). In some of our testing scenarios described later, we also examined the law 476 

of the minimum formulation given in Eq. (4). 477 

 478 

For the Baseline scenario, we parameterised the model simulations for the common intertidal 479 

seagrass genera Zostera, using parameters drawn (where possible) from data for intertidal N. 480 

japonica  meadows in the Yellow River Estuary (YRE), China. This choice of species and 481 

location for model parameterisation is relatively arbitrary since we are not particularly interested 482 

in the precise quantitative predictions of any individual simulation; instead, we are here primarily 483 

interested in comparing simulations between scenarios. N. japonica  is a reasonable species 484 

choice for this purpose because it is one of the most widely distributed seagrass species in 485 

China’s coastal areas. Similarly, the YRE is a reasonable location choice because it contains the 486 

largest habitat of N. japonica in China (Zhou et al., 2022), where we have performed extensive 487 

field monitoring and experiments (Wang et al., 2022; Wang et al., 2021).  488 

 489 

Hence, we drew parameters for the daily fluctuations of air temperature and light from a mixture 490 

of published (Zhang et al., 2019) and unpublished data for YRE (Table 2).  Specifically, light 491 

and air temperature parameters were obtained from monitoring data from June to August in a 492 

typical growing season of the intertidal seagrass meadows in the YRE. Due to the lack of 493 

physiological data for N. japonica available at YRE, seagrass photosynthesis responses to RWC 494 

were instead obtained from data for N. japonica growing in the similar temperate region of 495 

Padilla Bay, USA (Shafer et al., 2007), for which the sigmoidal curve model for 𝑓RWC(RWC) 496 

given in Eq. (11) has already been fitted in the present study (Supporting Information Table S2 497 

and Supporting Information Figure S7). Similarly, we could not find a parameterisation of the 498 

photosynthesis-irradiance relationship for N. japonica, and thus seagrass growth responses to 499 

light were parameterised from the related species Z. marina growing in Danish waters (Olesen & 500 

Sand-Jensen, 1993) which possess a similar temperate climate to the YRE. 501 

 502 

Table 2 503 

Modeling variables and parameters for the Baseline scenario. 504 
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 Description Value  Unit  Reference 

Variables 

𝜇  Growth rate of seagrass  - d
-1

 - 

𝑘  Desiccation coefficient - d
-1

 - 

RWC  Relative water content of seagrass 

leaves 

- - - 

𝑡air  Air-exposed duration - d - 

𝑡0  The first time when the water depth 

is zero during a single exposure-

inundation cycle 

- d  

𝐷  Water depth experienced by the 

seagrass 

- m - 

𝑍w  Water level relative to mean sea 

level 

- m - 

𝐼s  Water surface light - mol m
-2 

d
-1

 - 

𝐼  Benthic light - mol m
-2 

d
-1

 - 

𝑇air  Air temperature - ℃ - 

Parameters 

𝜇max  Maximum seagrass growth rate  0.04
a
 d

-1
 Olesen & Sand-

Jensen (1993) 

𝛼  Efficiency of light utilisation for 

seagrass growth at low light 

0.01
a
 d

-1
/ (mol m

-2 

d
-1

) 

Olesen & Sand-

Jensen (1993) 

𝑘20  Desiccation coefficient at the air 

temperature of 20ºC 

11.6 d
-1

 This study 

(Supporting 

Information 

Table S1) 

calculated from 

Seddon & 

Cheshire 

(2001)  

𝜎k  Rate of change of desiccation 0.5 d
-1

 ℃
-1

 This study 
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coefficient with air temperature  (Supporting 

Information 

Table S1) 

calculated from 

Seddon & 

Cheshire 

(2001)  

RWCh  The value of RWC that attains half 

of the  effective quantum yield for 

N.japonica in sigmoidal curve 

model of 𝑓RWC(RWC) 

0.4 - This study 

(Supporting 

Information 

Table S2) 

calculated from 

Shafer et al. 

(2007) 

𝑅  Shape parameter in sigmoidal 

curve model of 𝑓RWC(RWC) 

15.0 - This study 

(Supporting 

Information 

Table S2) 

calculated from 

Shafer et al. 

(2007) 

𝐴M2 Amplitude of M2 tidal constituent 0.6 m 
 Fan et al. 

(2020) 

𝐴S2 Amplitude of S2 tidal constituent 0.2 m 
 Fan et al. 

(2020) 

𝑇M2  Period of M2 tidal constituent 0.5175 d Constant value 

 𝑇S2  Period of S2 tidal constituent 0.5 d Constant value 

𝑍b Elevation of seagrass meadow 

relative to mean sea level 

0 m Assumed in 

this study 

𝐼s̅ Daily average water surface light 60 mol m
-2 

d
-1

 Zhang et al. 

(2019) 
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𝐾d Light attenuation coefficient in the 

water column 

0.05 m
-1

 Christensen et 

al. (2004) 

𝑡rise  Daily sunrise time 0.2708 d Our 

unpublished 

data 

𝐿  Day length 0.5 d Assumed in 

this study 

�̅�  Mean daily air temperature 25 ℃ Zhang et al. 

(2019) 

∆𝑇  Daily air temperature from its mean 

value 

5 ℃ Zhang et al. 

(2019) 

𝑡∅  Time between solar noon and when 

the maximum air temperature 

occurs in the afternoon 

0.083 d Our 

unpublished 

data 

a
 The values of 𝜇max and 𝛼 reported in Olesen & Sand-Jensen (1993) were 43.1 mg g

-1
 d

-1 and 505 

0.72 mg g
-1

 d
-1

/(𝜇mol m
-2

 s
-1

), respectively. We performed unit conversions to obtain 𝜇max  =506 

  0.04 d
-1 

and 𝛼 =  0.01 d
-1

/ (mol m
-2

 d
-1

), respectively. 507 

 508 

Because we wanted to include the effects of air temperature-dependent desiccation (Eq. (8)) in 509 

our explorative simulations, and the only data available for this relationship are for two species 510 

(temperate P. australis and A. antarctica, see Supporting Information Table S1), we 511 

parameterised air temperature-dependent desiccation (Supporting Information Figure S1) in the 512 

Baseline scenario based on P. australis (Seddon & Cheshire, 2001) due to this species’ similar 513 

climatic zone to N. japonica. Whilst the reported desiccation coefficient for N. japonica is closer 514 

to the coefficients for P. australis than A. antarctica (Table 1), we also acknowledge that the 515 

difference in these coefficients exceeds an order of magnitude. We thus reiterate here that the 516 

purpose of our simulations is to explore consequences of the model behavior rather than 517 

parameterise the intertidal seagrass model precisely for N. japonica, as air temperature-518 

dependent desiccation coefficient information is not currently available for this species. 519 

 520 
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Finally, we chose “semi-diurnal” tides and “microtidal” conditions for the Baseline scenario, 521 

since the YRE is a microtidal estuary dominated by semi-diurnal tides (Zhou et al., 2022). Semi-522 

diurnal tides indicate that two high tides and two low tides of similar size occur every day, and 523 

microtidal conditions indicate a daily tidal range of less than 2 m. Parameterisation of the 524 

amplitude for tidal constituents yielding these microtidal conditions was obtained from the field 525 

monitoring data in the YRE (Fan et al., 2020). The tidal periods for M2 and S2 constituents are 526 

constant. To assess the applicability of our model in the Baseline scenario, which explores the 527 

physiological responses of intertidal seagrass to desiccation while minimizing the impact of light 528 

availability, we assumed a low turbidity level (represented by water-column light attenuation 529 

coefficient 𝐾d = 0.05 m
-1

), which is the lowest value for seagrass meadows we could find in the 530 

literature (Christensen et al., 2004). In the Baseline scenario we also assumed a meadow 531 

elevation at mean sea level, 𝑍b = 0 m, to represent the intermediate intertidal zone. In some of 532 

our testing scenarios described later, we also examined the effects of different meadow 533 

elevations and water turbidity on intertidal seagrass growth. The full parameterisation of the 534 

Baseline scenario is given in Table 2.  535 

 536 

Testing scenarios. The testing scenarios were divided into four groups (labelled as Groups I, II, 537 

III and IV, see Supporting Information Table S3), and these scenarios were compared to the 538 

Baseline scenario. Simulations in Group I aimed to examine the effects of including air-exposure 539 

responses in seagrass growth models (i.e., 𝜇(𝐼) versus 𝜇(𝐼, RWC)), as well as the effects of 540 

different model assumptions. The model assumptions compared were the different forms of 541 

𝑓RWC(RWC) - linear (Eq. (9)) versus hyperbolic tangent (Eq. (10)) versus sigmoidal (Eq. (11)) - 542 

and whether 𝜇(𝐼, RWC) follows a multiplicative formulation (Eq. (3)) or law of the minimum 543 

formulation (Eq. (4)). For testing scenarios that used the hyperbolic tangent form of 544 

𝑓RWC(RWC), parameters for T. hemprichii at the air temperature of 24C (similar climatically to 545 

YRE, Supporting Information Table S2) were used. All testing scenarios in Group I were 546 

otherwise the same as the Baseline scenario. 547 

 548 

Simulations in Groups II aimed to examine the effects of water turbidity (five turbidity levels 549 

from low to high) and meadow elevation (intertidal versus subtidal versus supratidal zones). 550 

More specifically, the five levels of water turbidity tested were 𝐾d = 0.05 m
-1

, 0.5 m
-1

, 1 m
-1

, 1.5 551 
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m
-1

 and 2 m
-1

, as they represent a range of 𝐾d  values (0.05 to 2 m
-1

) corresponding to a 552 

reasonable range of irradiances that seagrasses may be able to tolerate (Christensen et al., 2004). 553 

We considered different zones along the intertidal gradient by simulating a continuous gradient 554 

of meadow elevations ranging from 3 m below mean sea level to 3 m above mean sea level (i.e., 555 

𝑍b ranging from -3 m to 3 m). Three different zones were subsequently categorized based on 556 

tidal range as follows: the intertidal zone spans the area between the low and high tides and is 557 

affected by daily tidal cycle; the subtidal zone is situated below the low tides and serves as a 558 

permanently submerged zone; and the supratidal zone is positioned above the high tides and is 559 

not inundated at any time. This continuous gradient of meadow elevations was simulated at the 560 

same five water turbidity levels. 561 

 562 

Simulations in Group III were identical to simulations in Group II, except that all Group II 563 

simulations were for microtidal conditions, and all Group III simulations were for mesotidal 564 

conditions (i.e., daily tidal range between 2 m and 4 m). Similarly, Group IV simulations were 565 

identical to Group II simulations, except that Group IV simulations were performed for 566 

macrotidal conditions (i.e., daily tidal range greater than 4 m). A larger tidal range represents a 567 

wider intertidal zone and stronger tidal effects on intertidal seagrasses. The parameterisations of 568 

mesotidal and macrotidal conditions were obtained from studies on temperate intertidal Zostera 569 

meadows located in the north-western Portuguese Coast (Azevedo et al., 2017) and French 570 

Atlantic Coast (Toublanc et al., 2015), respectively (see Supporting Information Table S3 571 

caption for full details). Hence, the Baseline scenario and testing scenarios in Groups II, III and 572 

IV collectively provide a multifactorial simulated comparison of the effects of meadow 573 

elevation, water turbidity and tidal conditions on intertidal seagrass growth. This final targeted 574 

set of simulations allowed us to investigate (1) the trade-off between the increased light 575 

experienced further up the depth gradient (beneficial for seagrasses) and the increased 576 

desiccation further up the depth gradient (detrimental for seagrasses), and (2) how this trade-off 577 

depends on water turbidity and tidal conditions. All baseline and testing scenarios for the model 578 

application are detailed in Supporting Information Table S3. All model simulations and figure 579 

visualizations were performed in MATLAB (R2022a). 580 

3 Results 581 
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3.1 The variability of seagrass photosynthetic responses to air exposures 582 

Our first finding is that there is considerable variability in the photosynthetic responses of 583 

seagrasses to air exposures among locations and seagrass tissues. Specifically, among the same 584 

Z. marina species at distinct locations, substantial differences are evident in the relationship 585 

between seagrass photosynthetic efficiency and air-exposure duration, as observed in the results 586 

of experimental studies in Koje Bay and Aenggang Bay on the southern coast of South Korea 587 

(Figure 3a). Notable distinctions also arise for N. japonica when comparing our modeling results 588 

with experimental data from Padilla Bay in the USA and Koje Bay in South Korea, respectively 589 

(Figure 3b). Furthermore, an examination of different seagrass tissue types reveals a higher 590 

desiccation tolerance in entire shoots compared to leaves for N. japonica, as indicated by 591 

experimental data (Figure 3b). The variability becomes more pronounced when comparing our 592 

modeled results and experimental data for Z. marina, considering both different tissue types and 593 

locations (Figure 3a). This suggests that it is difficult to transfer a model parameterised at one 594 

location/for one seagrass tissue to another location/tissue due to the influence of environmental 595 

conditions such as light, temperature, wind, humidity, soil properties, etc. in the field as well as 596 

the different water retention ability of seagrass tissues (Kim et al., 2020; Suykerbuyk et al., 597 

2018). 598 

 599 

Figure 3 Relationship between seagrass photosynthetic efficiency and air-exposure duration for 600 

(a) Z. marina and (b) N. japonica. Notice that there are substantial differences in RWC versus 601 

air-exposure duration for the same species at different locations and in different tissues (shoot 602 

vs leaf). 603 
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3.2 Physiological responses of intertidal seagrasses when air-exposed 604 

Our finding is that desiccation has a substantial effect on seagrass growth rate, thus justifying the 605 

new formulations for growth rate 𝜇(𝐼, RWC) introduced in the present work, as follows. In our 606 

Baseline scenario of simulating intertidal seagrasses (Eqs. (6) - (11), (12) - (16) parameterized 607 

using Table 2), the modelled water depth fluctuates throughout the spring-neap tidal cycle 608 

(Figure  4a). The intertidal seagrasses are subject to air exposure at low tides twice a day, each 609 

lasting for nearly 6 hours (Supporting Information Figure S9a), with the RWC dropping to low 610 

values in each exposure period (Supporting Information Figure S9b). As a result, the seagrass 611 

growth rate in the Baseline scenario, which is dependent on both light and RWC (𝜇(𝐼, RWC)), 612 

fluctuates throughout the spring-neap tides (Figure 4b). On the other hand, if the seagrass growth 613 

rate depends solely on light (𝜇(𝐼)), the fluctuation of this growth rate due to tidal-induced light 614 

deprivation is very minor (Figure 4c). Furthermore, the modelled average growth rate 615 

(represented by the dashed lines in Figure 4) is substantially lower for 𝜇(𝐼, RWC)  than for 𝜇(𝐼).  616 

 617 
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Figure 4 (a) Modelled water depth over 15 d in the Baseline scenario (Table 2); Predicted 618 

seagrass growth rate over 15 d for (b) growth rate dependent on light and RWC (Baseline 619 

scenario, see Table 2) and (c) growth rate only dependent on light (first testing scenario in Group 620 

I, see Supporting Information Table S3). The red dashed line represents the mean value of the 621 

growth rate over the 15-d simulation. Notice that accounting for desiccation causes the prediction 622 

of the mean growth rate to be substantially lower (compare red dashed lines between (a) and (b)). 623 

 624 

Next, we investigated how the cumulative effect of air-exposure duration and light deprivation 625 

on seagrass growth rate is mediated by the multiplicative or law of the minimum formulation 626 

representing these cumulative stressors. To accomplish this, we performed simulations that 627 

exactly matched the Baseline scenario (Table 2) or possessed minor modifications of this 628 

scenario. More specifically, for a single exposure-inundation cycle, we adopted two constant 629 

values of benthic light irradiance in the model, i.e. one below and one above the saturating 630 

irradiance (15 mol m
-2 

d
-1

 in Park et al. (2021)), and we selected a single exposure-inundation 631 

cycle during spring tide in our model scenarios (Figure. 5).  632 

 633 

 634 

Figure 5 The relationship between the normalized growth rate ( 𝜇/𝜇max ) and air-exposure 635 

duration (𝑡air) for two seagrass growth functions with sigmoidal curve 𝑓RWC(RWC) under two 636 

light irradiance conditions: (a) 10 mol m
-2

 d
-1

 and (b) 60 mol m
-2

 d
-1

. These simulations are 637 

equivalent to, or slight modifications of the Baseline scenario described in Table 2. Notice that 638 

the growth rate always reduces with air- exposure duration faster with the multiplicative 639 
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formulation (solid blue line) is assumed, compared to the law of the minimum formulation 640 

(dashed blue line), but this effect is reduced as benthic irradiance increases (e.g., from panel (a) 641 

to (b)). 642 

 643 

We utilized the normalized growth rate (𝜇/𝜇max) to compare the differences between growth rate 644 

scenarios using the multiplicative or law of the minimum formulation for Zostera spp. with 645 

sigmoidal 𝑓RWC(RWC). The results (Figure 5) reveal that, regardless of the light level, when 646 

applying the multiplicative formulation (solid blue lines), the growth rate begins to decline 647 

earlier in response to air exposure than when applying the law of the minimum formulation 648 

(dashed blue lines). However, when the benthic light irradiance is 60 mol m
-2 

d
-1 

(well above the 649 

saturating irradiance, Figure 5b), the differences in growth rate response to air exposure between 650 

multiplicative and law of the minimum formulation scenarios are smaller than when the benthic 651 

irradiance is below saturation (10 mol m
-2 

d
-1

, Figure 5a). The law of the minimum formulation 652 

consistently yields a more optimistic prediction of seagrass growth rate than the multiplicative 653 

formulation, and the difference between the predictions of these two formulations tends to widen 654 

when multiple stressors (e.g., desiccation and light deprivation) are expected to have substantial 655 

detrimental impacts on seagrass growth.  656 

 657 

3.3 Species-specific effects on intertidal seagrass growth 658 

We next ran simulations with three different functional forms 𝑓RWC(RWC) for the effect of 659 

seagrass tissue relative water content on seagrass photosynthetic efficiency to examine the 660 

impact of desiccation tolerance of different seagrass species on their growth rates (Baseline and 661 

Group I scenarios, see Supporting Information Table S3). The results show that the hyperbolic 662 

tangent model assumed for 𝑓RWC(RWC) yielded a higher predicted 15d-averaged growth rate of 663 

seagrass in comparison to other functional forms of 𝑓RWC(RWC) (Figure 6). This suggests that 664 

the function 𝑓RWC(RWC)  characterizing the desiccation tolerance of species constitutes an 665 

important factor. The reason that the hyperbolic tangent model for 𝑓RWC(RWC) yields a higher 666 

overall growth rate for intertidal seagrass is because mathematically it predicts a higher 667 

photosynthetic efficiency 𝑓RWC(RWC) at all values of RWC < 1 compared to the other two 668 

functional forms (linear and sigmoidal curve). The difference in 𝑓RWC(RWC)  between the 669 

hyperbolic tangent model and the other two forms are particularly large at high RWC values 670 
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which are experienced by the seagrasses soon after air exposure begins. Supporting Information 671 

Figure S11 demonstrates that this causes a delay in the reduction of seagrass growth rate 672 

following air exposure if the hyperbolic tangent model of 𝑓RWC(RWC) is assumed (green lines in 673 

Supporting Information Figure S11); this delay in the reduction of seagrass growth rate 674 

following air exposure is substantially reduced for the other two functional forms of 𝑓RWC(RWC) 675 

(blue and red lines in Supporting Information Figure S11). Each 𝑓RWC(RWC) was obtained from 676 

different seagrass species (Supporting Information Figure S5-S7), and thus it may be the case 677 

that species-specific functional forms of 𝑓RWC(RWC) play a key role in determining the seagrass 678 

species tolerance to desiccation. 679 

 680 

Meanwhile, there were no substantial differences between average growth rates for functions that 681 

followed the multiplicative or law of the minimum formulations with the same 𝑓RWC(RWC). 682 

Note that these growth rates were calculated under very high light conditions (60 mol m
-2 

d
-1

as 683 

assumed in the Baseline scenario), which led to this small difference between the multiplicative 684 

and law of the minimum formulations (see Figure 5b and the related discussion). At lower 685 

irradiances (10 mol m
-2 

d
-1

), these differences increase marginally (see Supporting Information 686 

Figure S10), and the difference between functional forms of 𝑓RWC(RWC) tends to have a larger 687 

effect on the growth rate (Supporting Information Figure S11a). 688 

 689 

 690 
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Figure 6 The results of modelled average growth rate (𝜇avg) during the simulation period of 15 691 

d for light and RWC dependent growth rate followed the multiplicative or law of the minimum 692 

formulation with the three types of 𝑓RWC(RWC) defined in Eq. (9)-(11). Notice that mean growth 693 

rates are always predicted to be higher if the hyperbolic tangent form of 𝑓RWC(RWC) (i.e., Eq. 694 

(10) is assumed). 695 

 696 

3.4 Intertidal seagrass growth along vertical gradient under different tidal range condition 697 

Within a 15-d simulation in different modeling scenarios (Baseline and Groups II, III and IV, see 698 

Section 2.4.2 and Supporting Information Table S3 for full details), we compared the 15d-699 

averaged predictions of (1-𝑓𝐼(𝐼)) and (1-𝑓RWC(RWC)) to illustrate, and as metrics of, the light 700 

deprivation and desiccation stress on the intertidal seagrass growth, respectively. The results 701 

show that within a specific tidal range area in the intertidal zones, light deprivation stress 702 

gradually decreases and desiccation stress increases as meadow elevation increases (compare red 703 

and blue lines in Figure 7 a, c & e). Meanwhile, the light deprivation stress on seagrass growth 704 

dramatically increases as the water turbidity level rises (compare different red lines in Figure 7a, 705 

c & e), leading to more substantial variations along the vertical gradient. In the subtidal zones, 706 

light deprivation is the predominant stress on seagrass growth, which gradually decreases as 707 

elevation increases, and desiccation stress is absent in these zones. In contrast, desiccation is the 708 

dominant stressor impacting seagrass growth in the supratidal zones, where light deprivation 709 

stress is minimal (only limited by the efficiency of light utilisation for seagrass growth).  710 
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 711 

Figure 7 The modelled results of light deprivation stress and desiccation stress on 15 d-averaged 712 

seagrass growth with multiplicative formulation along the vertical depth gradient under different 713 

water turbidity conditions and tidal conditions. The separate effects of light deprivation stress 714 

and desiccation stress are shown in panels (a, c, e) and the combined effect of both stressors is 715 

shown in panels (b, d, f). Predictions are shown for microtidal conditions (a, b), mesotidal 716 

conditions (c, d), and macrotidal conditions (e, f). In each of the six panels, the black dotted line 717 

is the boundary between subtidal and lower intertidal zones, while the black dashed line is the 718 

boundary between upper intertidal and supratidal zones. The intertidal zone extends from -0.8 m 719 

to 0.8 m, -1.3 m to 1.3 m, and -2.4 m to 2.4 m for micro-, meso- and macro-tidal areas, 720 

respectively; The subtidal zone extends below -0.8 m, -1.3 m, and -2.4 m for micro-, meso- and 721 

macro-tidal areas, respectively; The supratidal zone extends above 0.8 m, 1.3 m, and 2.4 m for 722 

micro-, meso- and macro-tidal areas, respectively. Meadow elevation 𝑍b(m) is relative to mean 723 

sea level, and 𝐾d (m
-1

) is the light attenuation coefficient of the water column. These plots were 724 

constructed using the Baseline and Groups II, III and IV modelingscenarios (Supporting 725 

Information Table S3) that assumed the multiplicative formulation for 𝜇(𝐼, RWC). 726 
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 727 

In addition, the overall stress on intertidal seagrass growth, resulting from the cumulative effects 728 

of light deprivation and desiccation, was simulated using the reduction in seagrass growth rate 729 

from its potential maximum value, i.e., (1-𝜇/𝜇max) as a metric representing this overall stress 730 

(Figure 7b, d & f). The results indicate the presence of an “optimal” elevation for intertidal 731 

seagrasses where the cumulative stress arising from desiccation and light deprivation is 732 

minimized (e.g., at a meadow elevation approximately 0.5 m below mean sea level for seagrasses 733 

growing in microtidal conditions with water turbidity of 𝐾d = 2 m
-1

 as shown in Figure 7b). At 734 

meadow elevations below the predicted optimal elevation, the overall stress increases with 735 

turbidity. This suggests that below the optimal elevation, the growth of intertidal seagrasses is 736 

primarily limited by light availability, and air exposure acts as the ‘window’ of photosynthetic 737 

relief from high turbidity to mediate the light deprivation stress. As elevation of the seagrass 738 

increases above the optimal elevation, the difference in overall stress between the different 739 

turbidity scenarios gradually diminishes. Thus, for seagrasses growing at elevations above the 740 

optimal elevation, desiccation becomes the dominant limiting factor for growth, and the negative 741 

effects of air exposure increasingly outweigh the positive effects of increased light moving 742 

further upward. Across all model scenarios we tested, the predicted optimal elevation shifts to 743 

lower elevations (more specifically, towards the lower intertidal zones), as turbidity reduces, 744 

although the curves tend to flatten. Note also that using the law of the minimum formulation 745 

does not change the conclusion (Supporting Information Figure S12).  746 

 747 

The results confirm that light is a primary control of intertidal seagrass growth in the subtidal 748 

zones, while desiccation is a primary control in the supratidal zones. Our findings clearly suggest 749 

a trade-off between light deprivation and desiccation in relation to intertidal seagrass growth 750 

along the intertidal gradient, with an optimal elevation for seagrasses situated within the 751 

intertidal zone that maximises the benefits of light availability whilst minimising the detrimental 752 

effects of desiccation (Figure 7b, d & f).  753 

 754 

4 Discussion 755 
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4.1 Species-specific physiological responses of intertidal seagrasses when air-exposed  756 

Previous experimental studies have demonstrated the significance of physiological processes 757 

such as RWC loss and associated photosynthesis decline of different intertidal seagrass species 758 

when subject to air exposure (Jiang et al., 2014; Shafer et al., 2007). However, it is still uncertain 759 

how these physiological processes further limit the growth rate of intertidal seagrasses under 760 

different environmental conditions such as tidal range, meadow elevation and water turbidity. 761 

Our study introduced new data-calibrated formulations for intertidal seagrasses that quantify the 762 

decline of photosynthetic efficiency due to the changes of RWC when air-exposed. To do this, a 763 

comprehensive review of the literature on seagrass desiccation (Table 1) and the effects of this 764 

desiccation on photosynthetic efficiency (Supporting Information Figures S5-S7) was conducted. 765 

We then undertook targeted model simulations which demonstrated that air-exposed 766 

physiological processes (light- and RWC-dependent growth) can be substantially lower than if 767 

the air-exposed responses are neglected (light-dependent growth) (dashed lines in Figure 4). This 768 

suggests that neglecting the physiological response to air exposure can yield overestimation of 769 

growth rates for intertidal seagrasses. 770 

 771 

We also examined the species-specific effect of desiccation on the growth rate of intertidal 772 

seagrasses by comparing the growth rate predictions made using three different 𝑓RWC(RWC) 773 

functions (Eq. (9)-(11)) characterizing the changes of photosynthetic efficiency with the 774 

temporal decline of RWC due to short-term air exposure. These three 𝑓RWC(RWC) functions are 775 

data-calibrated functions that we collate, justify and introduce in the present work. Our results 776 

suggest that the choice of the function 𝑓RWC(RWC) characterizing the desiccation tolerance of 777 

different species substantially affects quantitative predictions of the physiological responses of 778 

intertidal seagrasses when air-exposed; if these functions are indeed species-specific, they may 779 

also suggest which species are more or less tolerant to desiccation. For example, desiccation-780 

sensitive seagrass species such as temperate H. johnsonii and C. nodosa (Kahn & Durako, 2009; 781 

Papathanasiou et al., 2020) as well as temperate N. japonica and Z. marina (Shafer et al., 2007), 782 

whose response in photosynthetic efficiency is more likely to follow a linear (Eq. (9)) or 783 

sigmoidal curve (Eq. (11)) in relation to RWC loss, would experience an immediate and rapid 784 

decrease in growth rate following air exposure (red and blue lines in Supporting Information 785 

Figure S11). In contrast, desiccation-tolerant species such as  tropical T. hemprichii and E. 786 
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acoroides (Jiang et al., 2014), whose response in photosynthetic efficiency is more likely to 787 

follow a hyperbolic tangent (Eq. (10)) in relation to RWC loss, may tolerate hours of air 788 

exposure without affecting their growth (green lines in Supporting Information Figure S11). 789 

However, we could only find data for six species to parameterise these 𝑓RWC(RWC) functions. In 790 

the future, more species-specific studies can be incorporated; for example Bjork et al. (1999) 791 

reported that tropical intertidal seagrass species were more desiccation-resistant and were likely 792 

to have higher tolerances to thrive in the intertidal zones.  793 

 794 

4.2 Trade-off between light deprivation and desiccation related to intertidal seagrass distribution  795 

Along the intertidal gradient, both light availability and stress of desiccation gradually increase 796 

as meadow elevation increases. Light is a primary control on seagrass growth in subtidal zones, 797 

while desiccation is a primary control on seagrass growth in supratidal zones. However, in the 798 

intertidal zones, we observed in our simulations a clear trade-off between light deprivation and 799 

desiccation along the intertidal gradient (Figure 7), as a balance between obtaining enough light 800 

for their growth, while also avoiding the detrimental consequences of desiccation stress is vital 801 

for intertidal seagrasses. This is thus an “optimal” elevation for intertidal seagrasses which 802 

represents the minimized combined stress of light deprivation and desiccation. The location of 803 

this optimal elevation for intertidal seagrasses varies under different environmental conditions, 804 

such as tidal range and water turbidity. In all our model scenarios, the predicted optimal 805 

elevation occurs in the lower or intermediate intertidal zones. As water turbidity increases, the 806 

optimal elevation shifts upwards to higher elevations. The evaluation of optimal elevation has the 807 

potential to inform the most suitable habitat for intertidal seagrass growth.  808 

 809 

Previous studies have found that differences in desiccation tolerances can be responsible for the 810 

seagrass distribution along the intertidal gradient. For example, in the intertidal seagrass 811 

meadows at the coasts of the Indo-Pacific, the desiccation-tolerant species T. hemprichii was 812 

found to be dominant in the upper intertidal zone while desiccation-sensitive species H. uninervis 813 

occupied the lower intertidal zone (Lan et al., 2005). However, increasing evidence suggests that 814 

photosynthetic responses to desiccation are insufficient to explain observed patterns of intertidal 815 

zonation (Shafer et al., 2007). Therefore, it is necessary to consider additional mechanisms, such 816 

as the combined effect of desiccation and light deprivation considered here, to explain the 817 
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observed zonation patterns of intertidal seagrasses. The trade-off between light deprivation and 818 

desiccation on intertidal seagrass distribution also finds some agreement with field studies 819 

demonstrating the intertidal zonation of different seagrass species. Huong et al. (2003) found that 820 

intertidal N. japonica in northern Vietnam occupied the intermediate intertidal zone while H. 821 

ovalis dominated in the lower intertidal zone, due to the different tolerances to low light 822 

availability (less in N. japonica) and desiccation (less in H. ovalis). Meanwhile, the seagrass  N. 823 

japonica was also found to have the highest biomass in the intermediate intertidal zone on the 824 

southern coast of South Korea, where air exposure and light availability determined the upper 825 

and lower distributional limits, respectively (Kim et al., 2016). However, other environmental 826 

factors may also play an important role in defining the zonation of seagrass colonisation; Infantes 827 

et al. (2009) suggests that subtidal seagrasses have an upper depth limit controlled by shallow-828 

water wave action, but the relevance of this limit to intertidal seagrasses may depend on the 829 

harshness of the local hydrodynamic conditions. Notably, intertidal seagrasses also evolve 830 

adaptation mechanisms to air exposure stress through adjustments to physiological 831 

characteristics followed by changes to morphology (Manassa et al., 2017; Park et al., 2016). For 832 

example, the enhanced photosynthetic performance after air exposure and the layout of the 833 

densely overlapped leaves to attain water are attributed as the adaptation mechanisms for N. 834 

japonica in the intertidal zone (Kim et al., 2020). Regardless of these complexities, 835 

understanding the trade-offs between stressors influencing the lower and upper meadow 836 

elevations of seagrasses is crucial for the effective management of these habitats, especially since 837 

intertidal zones are dynamic and challenging environments.  838 

 839 

4.3 Model applications and future work  840 

Our study emphasizes the importance of understanding the air-exposed physiological responses 841 

on the growth dynamics of intertidal seagrasses, and the growth rate functions we introduce can 842 

be immediately incorporated into a wide variety of process-based seagrass growth models. 843 

Although we are here only considering the impact of light and RWC on seagrass growth, the 844 

future application of the model components we introduce could also incorporate other interacting 845 

factors (e.g., temperature, nutrients) by the inclusion of appropriately defined additional 846 

functions (Baird et al., 2016; Elkalay et al., 2003; Turschwell et al., 2022). Our study provides 847 

conceptual and mathematical guidance for ecological modellers to include air-exposed responses 848 
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of intertidal seagrasses in their coastal ecosystem models. One example future application of our 849 

intertidal seagrass growth dynamics, of substantial interest, could be to simulate scenarios that 850 

assist in the selection of suitable sites for seagrass transplanting. Additionally, in recent years, 851 

global sea level rise and an increase in the input of terrestrial sediments pose a hazard to 852 

intertidal seagrass ecosystems (Flowers et al., 2023). These stressors simultaneously change the 853 

tidal regime and water turbidity, which affects the duration of air exposure/inundation periods 854 

and light availability. The model formulations we discuss in the present work can account for 855 

these cumulative stressors.  856 

 857 

The comparisons between our data-calibrated model results and additional experimental studies 858 

also demonstrated the variability of physiological responses of intertidal seagrasses to air 859 

exposure, and hence the difficulty in transferring a model parameterised at one location/for one 860 

seagrass tissue to another location/tissue (Figure 3). This suggests that future experimental 861 

studies on the relationship between photosynthetic efficiency and air-exposure duration may 862 

therefore need to be species- or location-specific, to improve model predictions, although we 863 

recognise that this may often be prohibitively difficult or expansive to implement.  864 

 865 

Additional environmental factors, such as wind and humidity, also play significant role in the 866 

desiccation of intertidal seagrass (Azevedo et al., 2017; Suykerbuyk et al., 2018), so are worthy 867 

of consideration in future modelling studies. Future modeling studies for intertidal seagrasses 868 

could also further incorporate delayed recovery processes of photosynthetic efficiency after re-869 

submersion. Recovery of photosynthetic efficiency after re-submersion is critical for the seagrass 870 

growth response to desiccation stress (Park et al., 2016; Seddon & Cheshire, 2001; Shafer et al., 871 

2007). When intertidal seagrasses are exposed to air for a prolonged duration, their 872 

photosynthetic efficiency may not be able to recover to their initial level after re-submersion. In 873 

the worst-case scenario, seagrasses may even lose the ability to resume photosynthesis (Shafer et 874 

al., 2007). There is not yet sufficient quantitative information available in the literature for us to 875 

confidently propose models of recovery of photosynthetic efficiency after re-submersion; this is 876 

an open question for future experimental research. 877 

 878 

5 Conclusion 879 
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Through a comprehensive review of seagrass desiccation literature and the subsequent 880 

development of the first (to our knowledge) formulation of seagrass growth responses to air 881 

exposure, our study was able to explore how seagrass growth dynamics is affected by periodic 882 

tidal inundation and exposure under a wide range of environmental scenarios (tidal range, 883 

meadow elevation and water turbidity). We showed that neglecting physiological responses to air 884 

exposure for intertidal seagrasses results in overestimated growth rates, and we revealed a trade-885 

off between light deprivation and desiccation on seagrass growth along intertidal gradients. More 886 

specifically, there is an “optimal” elevation for seagrasses where the combined stressors of 887 

desiccation and light deprivation are minimized, although the precise location of this optimal 888 

elevation will be highly system-specific. This finding may have future application in evaluating 889 

the viability of intertidal seagrass habitats and in informing decisions on coastal ecosystem 890 

management strategies such as nature-based solutions (e.g., living shorelines) under changing 891 

environmental conditions.. Overall, our work highlights the importance of elucidating the 892 

physiological responses of intertidal seagrasses in a highly dynamic and harsh environment and 893 

prompts further experimental studies to inform improved modeling of intertidal seagrass growth. 894 
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