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A B S T R A C T   

Cadiz Bay is a shallow mesotidal lagoon with extensive populations of the seagrass Cymodocea nodosa at 
intertidal and shallow subtidal elevations. This work aims to understand the mechanisms behind the resilience of 
this species to gradual sea level rise by studying its acclimation capacity to depth along the shallow littoral, and 
therefore, to gradual variations in the light environment. To address this objective, these populations have been 
monitored seasonally over a 10 year period, representing the longest seasonal database available in the literature 
for this species. The monitoring included populations at 0.4, − 0.08 and − 0.5 m LAT. The results show that 
C. nodosa has a strong seasonality for demographic and shoot dynamic properties – with longer shoots and larger 
growth in summer (high temperature) than in winter (low temperature), but also some losses. Moreover, shoots 
have different leaf morphometry depending on depth, with small and dense shoots in the intertidal areas (0.4 m) 
and sparse large shoots in the subtidal ones (− 0.08 and 0.5 m). These differences in morphometry and shoot 
dynamic properties, combined with the differences in shoot density, explain the lack of differences in meadow 
production balance (i.e. meadow growth – meadow losses) between the intertidal (0.4 m) and the deepest 
population (− 0.5 m), supporting the long term resilience of Cymodocea nodosa in Cadiz Bay. This study con-
tributes to the understanding of the mechanisms behind seagrass stability and resilience, which is particularly 
important towards predicting the effects of climate change on these key coastal ecosystems, and also highlights 
the value of continuous long-term monitoring efforts to evaluate seagrass trajectories.   

1. Introduction 

Seagrass meadows are important coastal habitats with valuable 
benefits for people and the planet (UNEP, 2020). They play a significant 
global role in supporting food security (Unsworth et al., 2019) and 
mitigating climate change through carbon sequestration and storage 
(Fourqurean et al., 2012; Duarte et al., 2013) and ocean acidification 
amelioration (Ricart et al., 2021). They also enrich biodiversity through 
habitat provision (Sievers et al., 2019; Lefcheck et al., 2019), purify 
water by removing nutrients, sediments and contaminants (de los Santos 
et al., 2020 Laffrata et al., 2019), protect the coastline (Ondiviela et al., 
2014), and control diseases (Lamb et al., 2017). Seagrass meadows are 

also acknowledged for transferring organic matter and nutrients to 
adjacent systems (Gillis et al., 2014; Huxham et al., 2018 . Egea et al., 
2019a) and for connecting marine fauna with other ecosystems (Dor-
enbosch et al., 2004; Heck et al., 2008; Unsworth et al., 2008), making 
them key elements in the functioning and connectivity between eco-
systems along the seascape. 

As with many other coastal ecosystems, seagrasses are facing 
growing anthropogenic threats, mostly water quality deterioration and 
coastal modification, resulting in seagrass loss and degradation (Orth 
et al., 2006; Waycott et al., 2007; de los Santos et al., 2019; Dunic et al., 
2021). The global seagrass decline is expected to have a severe impact 
on human wellbeing, causing losses of fisheries (Lefcheck et al., 2017), 
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water quality, shoreline stability, and ecosystem richness (Orth et al., 
2006). Moreover, climate change is expected to contribute to continued 
seagrass decline in the temperate zone and poleward expansion in the 
Northern Hemisphere (Hyndes et al., 2017). Therefore, evaluating the 
resilience of seagrass meadows and obtaining knowledge about the 
underlying drivers and processes involving such transition is necessary if 
adaptation is to be managed. 

At a global scale, averages of 0.3–4.8 ◦C increase in sea surface 
temperature and 0.26–0.82 m in sea level rise are expected by the end of 
the 21st century (estimations corresponding to the extremes of the range 
for RCP2.6 and RCP8.5 respectively; IPCC, 2014). Since these variations 
are expected to be gradual (IPCC, 2014), understanding the mechanisms 
ruling seagrass acclimation is going to be crucial in comprehending the 
key processes behind the long-term resilience of seagrasses on changing 
environments. This knowledge requires the study of short- and 
long-term mechanisms under a broad spectrum of environmental 
changes (Hughes et al., 2018). Unfortunately, long-term studies evalu-
ating the resilience of seagrass species are scarce (Roca et al., 2016). 

Besides anthropogenic disturbances, the evaluation of seagrass 
acclimation under natural conditions requires the existence of envi-
ronmental gradients wide enough to support measurable differences in 
seagrass response. Considering light as the most sensitive driver for 
seagrass success (Hemminga and Duarte, 2000), shallow environments 
and their associated light gradients offer an excellent framework for 
understanding key mechanisms behind seagrass acclimation and resil-
ience (understanding here resilience as the “capacity of an ecosystem to 
absorb disturbances and adapt to change without switching to an 

alternative stable state”; Holling, 1973). 
Cadiz Bay is an Atlantic shallow environment protected from the 

swell and with high water turnover rate (Alvarez et al., 1997). The 
pressure of intensive agriculture is low and fish farming mainly exten-
sive (Junta de Andalucía, 2015), making the most threatening pressures 
those related to physical disturbances of muddy sediments (e.g. shell 
fishing, boat anchoring and mooring in some areas of the bay; Barra-
gan-Muñoz and Andrés-García, 2020). This type of pressures modifies 
sediment stability with consequences for vegetation survival (Collins 
et al., 2010) and, indirectly, for light availability. From low intertidal to 
shallow subtidal elevations, the benthos of Cadiz Bay is covered by 
dense populations of Cymodocea nodosa (aprox. 800; ha, Morris et al., 
2009). In the Gulf of Cadiz, C. nodosa is close to its northern Atlantic 
distribution limit (Short et al., 2010). This implies that in scenarios of 
climate change, temperature rise is not expected to be crucial for the 
survival of this species, offering a good opportunity to focus mainly on 
adaptations to light gradients, and therefore, to sea level rise. Cymodocea 
nodosa is a medium-size, fast-growing seagrass with proven morpho-
metric plasticity and capable of colonizing very different environments 
(de los Santos et al., 2013; Máñez-Crespo et al., 2020), making this 
species an excellent model for studying seagrass acclimation to gradual 
environmental changes. 

This work aims to understand the mechanisms behind the resilience 
of C. nodosa by studying the acclimation capacity of this species to depth 
along the shallow littoral, and accordingly, to gradual variations in the 
light environment. To meet this objective, we used the longest seasonal 
database available for this species (10 years). This database includes 

Fig. 1. Cadiz Bay and sampling locations. A) Location 
of Cadiz Bay in Spain and zoom-in of the province of 
Cadiz (Cadiz Bay highlighted in orange). B) Detail of 
the inner body of the bay with the distribution of 
dominant benthic macrophytes, and the isobaths. Red 
rectangle on the left bottom side of the image corre-
sponds to the sampled area (Santibañez). (Modified 
from Muñoz and Sanchez-LaMadrid, 1994). C) 
Elevation (m LAT) and relative horizontal positions of 
the sampling sites in the study area. (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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demographic variables and dynamic morphometric traits of C. nodosa 
plants growing at different depths. This allows characterizing the 
morphometric acclimation mechanisms that take place over time (sea-
sonal and interannual) and depth responsible for the resilience of the 
natural populations of C. nodosa distributed in the shallow elevations of 
Cadiz Bay (Spain). 

2. Material and methods 

2.1. Sampling site 

Cadiz Bay is an Atlantic shallow environment located in SW Spain 
(36◦ 23’ - 36◦ 37′N and 6◦ 8’ - 6◦ 15′W, Fig. 1A). It is formed by two 
water bodies (external and internal bays) well communicated by tides 
through a narrow strait. Despite the surroundings of the bay being 
densely populated (5 cities with more than 400,000 inhabitants), the 
ecological value for local biodiversity and migrating waterfowls 
(Pérez-Hurtado et al., 1997) is recognized through protection features 
such as ‘Specially Protected Area’ (SPA) and ‘Special Area of Conser-
vation’ (SAC) according to the European legislation (Birds Directive 
79/409/CEE, ES0000140 2006/613/CE, Decreto 493/2012, EU Habi-
tats Directive 92/43/CEE, ES6120009 2006/613/CE, Decreto 
369/2015), and it is a declared Natural Park (Law 2/1989/CA) and 
RAMSAR site (1265, 24/10/02). 

The sampling area was located in the inner water body of the bay of 
Cadiz. This is a shallow embayment (mean 3 m LAT, Muñoz and 
Sanchez-LaMadrid, 1994), protected from the swell under a mesotidal 
and semidiurnal tidal regime (mean tidal range 2.3 m and mean spring 
tidal range 3.7 m; del Río et al., 2012). The combination of depth and 
tidal regime facilitates a high water turnover rate (up to 75% per tidal 
cycle, Alvarez et al., 1997). The seabed of the inner bay is profusely 
vegetated (Muñoz and Sanchez-LaMadrid, 1994; Morris et al., 2009) 
exhibiting a zonation from saltmarsh plants on the high intertidal area 
(mainly Sarcocornia spp. and Spartina maritima) to dense populations of 
the chlorophyte Caulerpa prolifera at the subtidal one (Fig. 1B). The 

intermediate elevations are covered by sequential belts of the seagrasses 
Zostera noltei, in the intertidal, and C. nodosa, in the intertidal and 
shallow subtidal areas (Fig. 1B and C). Scattered patches of Zostera 
marina also thrive within the distribution area of C. nodosa (Brun et al., 
2015). 

Our study was carried out in the C. nodosa beds of the Santibáñez 
area (red rectangle in Fig. 1B) and the sites for sampling were selected 
according to the elevation including 0.4 (intertidal), − 0.08 (edge sub-
tidal) and − 0.5 (subtidal) m (Fig. 1C). From here on, all elevations 
expressed in this work refer to the Lowest Astronomical Tide (LAT). 

2.2. Environmental variables 

The environmental information for Cadiz Bay was obtained from 
remote sensing facilities. Data were acquired for latitude 36.542, 
longitude − 6.250 using a 15 min integration period. The meteorological 
data (air temperature, wind speed, wind direction and rainfall at an 
altitude of 36 m) were obtained from the MERRA-2 service. The radia-
tion data were obtained at 0 m altitude from Global irradiation on 
horizontal plane at ground level (GHI, Wh m− 2) from the CAMS Radi-
ation Service v2.7 all-sky irradiation (derived from satellite data). 

Additionally, the monthly sea surface temperature (SST) was ac-
quired from the Level-3 MODIS-Aqua imagery (Moderate Resolution 
Imaging Spectroradiometer). Polygons of 5 and 30 km2 were delimited 
in the deepest zone of the inner and outer bay, respectively. Monthly 
averaged temperatures within each polygon were estimated from daily 
images and a spatial resolution of 500-m. The images were processed in 
the code editor with JavaScript in Google Earth Engine (https://develo 
pers.google.com/earth-engine/datasets/catalog/NASA_OCEANDATA 
_MODIS-Aqua_L3SMI). Air temperature data were monthly averaged, 
computing also minimum and maximum values. Additionally, the cu-
mulative SST was calculated as the accumulation of 3 SST values per 
season. This procedure has proven to increase the capacity to detect 
effects of temperature on biological variables (Shaltout and Omstedt, 
2014). The values of the cumulative SST formed three groups around 48, 

Fig. 2. Environmental variables for Cadiz 
Bay during the study period (2005–2015). A) 
Monthly averaged air temperature (Tair, ◦C, 
blue line), monthly minimum and maximum 
air temperature (dark grey ribbon), and 
monthly averaged Sea Surface Temperature 
(SST, ◦C, black dots). B) Cumulative SST per 
season (◦C season− 1). C) Monthly averages of 
Daily Light Integration (DLI, mol photons 
m− 2 d− 1) at surface irradiance (4.0 m), 
intertidal (0.4 m), edge subtidal (− 0.08 m) 
and subtidal (− 0.5 m) elevations. Seasons 
are indicated as alternated grey and white 
bands on the background. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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57 and 69 ◦C season− 1, which correspond to winter, spring and fall, and 
summer respectively. These values were used to statistically analyze the 
effect of seasonality (as a categorical variable) on C. nodosa variables. 
Moreover, this method allows comparison of the temporal effect of 
seasonality versus a potential interannual trend and, finally, whether 
there are interactions between seasonality, interannual trend, and 
elevation. 

The tidal information was obtained from a time-series (15 min, 
2004–2015) of the sea level of the “Cadiz III” tide gauge and the R 
package ’Tides’. The radiation data are shown as Daily Light Integral 
values (DLI; mol photons m− 2 d− 1), with values corresponding to surface 
irradiance (4.0 m) and the studied elevation gradient (0.4, − 0.08, and 

− 0.5 m). To estimate these DLI values, the GHI data (Wh m− 2) were 
converted into PAR (Photosynthetically Active Radiation; μmol photons 
m− 2 s− 1), by using the sw. to.par.base function (Winslow et al., 2016), 
multiplying by 1/0.25 and integrating the irradiance per day (mol 
photons m− 2 d− 1). The DLI values at the elevations were estimated, 
taking into account the effects of tides on the sea level and using the 
Beer-Lambert law according to the model described in Morris et al. 
(2009), and using a mean attenuation coefficient (Kd) of 0.6 m-1 (Olivé 
et al., 2013). The effects of wind, or any other variable with potential 
effects on water turbidity, were disregarded. 

Fig. 3. Temporal changes in Cymodocea nodosa demographic variables at Cadiz Bay. A) Leaf (top) and belowground (bottom) biomass, B) Shoot density and C) Shoot 
size. The variables are evaluated at intertidal (0.4 m), edge subtidal (− 0.08 m) and subtidal elevations (− 0.5 m). Data points represent medians and error bars 
represent first and third quantiles. 
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2.3. Seagrass sampling design 

The biological variables of C. nodosa were monitored seasonally over 
a period of 10 years (spring 2005 - winter 2015) at 0.4, − 0.08 and − 0.5 
m. The samplings were performed thanks to the contribution of the 
monitoring program FAMAR (https://famar.wordpress.com/voluntaria 
do/), coordinated by a scientist of the Department of Biology of the 
University of Cadiz. 

For demographic variables, a total of six random samples (0.04 m2 

per sample) per elevation and season were considered. The samples 
were carefully collected during low tide around days 30, 45 and 60 of 
each season, harvesting two samples per day and elevation. The archi-
tectural and dynamic attributes of C. nodosa were studied using a 
punching method (Peralta et al., 2000) in 10–15 shoots per elevation 
and season. For this method, the inner leaf of the shoots is marked and 
all individual leaves measured (±0.5 cm) in situ, and then collected after 
26–32 days for laboratory analysis. 

2.4. Laboratory plant analysis 

The biomass samples were separated into leaves, rhizomes and roots, 
and oven-dried (60 ◦C) until reaching a constant dry weight (DW) to 
obtain the above-ground (AG, leaves) and below-ground (BG, rhizomes 
and roots) biomass (g DW m− 2). Shoot density (shoots m− 2) was also 
estimated before drying. The shoot size (g DW shoot− 1) was estimated 
from the relationship between leaf biomass and shoot density. 

The analysis of marked shoots included the measurement of the in-
dividual leaves in length (leaf length, LL, cm) and weight (g DW) (see 
Peralta et al., 2000 for further details). The plant dynamic traits esti-
mated from these measurements are leaf appearance rate (LAR, leaves 
shoot− 1 d− 1, eq. (1)) leaf growth rate (LGR, mg DW shoot− 1 d− 1, eq. (2)), 
and leaf loss rate (LLR, mg DW shoot− 1 d− 1, eq. (3)). 

LAR=

∑
NL

tf − to
(1)  

LGR=

(∑n
i=1

[(
LLi,f − LLi,0

)
> 0

]

tf − t0

)

*
DW
LL

(2)  

LLR=

(∑n
i=1

[(
LLi,f − LLi,0

)
< 0

]
−
∑m

i=1LLi,0

tf − t0

)

*
DW
LL

(3)  

where: NL represents the new leaves that appeared in between the 
punching (t0) and collecting day (tf), LL is the leaf length (cm); subscript 
i refers to the ith leaf within the shoot; n is the number of leaves at the 
end of the studied period; m is the number of leaves lost during the 
studied period; subscripts f and 0 refer, respectively, to final and initial 
conditions; tf - t0 is the studied period (d); DW/LL is the dry weight/ 
length ratio for leaves (g DW cm− 1 leaf), and NLa is the number of new 
leaves generated during the study period. 

Finally, the meadow processes estimated from demographic prop-
erties and the dynamic traits of the shoots were meadow production 
(MP, g DW m− 2 season− 1; eq. (4)), meadow losses (ML, g DW m− 2 sea-
son− 1; eq. (5)), and meadow production balance (MPB, g DW m− 2 sea-
son− 1, eq. (6)). 

MP=LGRq2*Densityq2*ts (4)  

ML= LLRq2*Densityq2*ts (5)  

MPB=MP − ML (6)  

where: LGRq2, LLRq2 and Densityq2 are respectively the medians of the 
LGR, LLR and the shoot density for the corresponding elevation and 
season, and ts the number of days of the season. 

Unfortunately, in a few cases all marked shoots were lost. In those 
cases, and for graphical purposes only, the corresponding value was 
replaced by the corresponding elevation-specific seasonal value ob-
tained from the entire data set (2005–2015). These particular cases are 
highlighted in the corresponding figures and were not included in the 
statistical analysis. 

2.5. Statistical analysis 

We performed generalized linear mixed models (GLMMs) to test the 
resilience of C. nodosa and its underlying morphometric mechanisms. 
This was done following a two-step approach. First, we compared 
models using Akaike Information Criteria (AIC) that contained different 
combinations of temporal random structures. Specifically, we consid-
ered different temporal autocorrelation structures following a CorARMA 
(p,q) approach in the package “nlme” (Pinheiro et al., 2019). In this 
temporal autocorrelation structure p and q represent, respectively, the 
autoregressive order (t-1, t-2 etc.) and the moving average order of the 
ARMA structure. Overall we considered two time lag orders for p (1, 2) 
and three moving average orders for q (1, 2, 3) following this combi-
nation of (p,q) (1, 1; 1, 2; 2, 2; 2, 3). We also weighted observations by 
season (winter, spring, summer and fall) because we observed differ-
ences in data dispersion within years that were consistent during the 
time series (see error bars in Fig. 3 and Fig. 5). Best models (i.e., lowest 
AIC) were always those that included an ARMA temporal autocorrela-
tion structure (in most cases p = 1), and the weight of season to account 
for overdispersion. 

We then analyzed the fixed part of the models in which elevation (3 
levels: 0.4 m or intertidal, − 0.08 m or edge subtidal and − 0.5 m or 
subtidal), cumulative SST (3 levels: 48, 57 and 69 ◦C season− 1) and their 
interactions were included as categorial predictors. The variable year 
was also included as fixed predictor to evaluate a potential temporal 
trend in the response variable evaluated (i.e. the response variable does 
not show a stationary trend during the 10 years of observations). Again, 
AIC was used to select the best supported model. Where significant 
differences were found, we performed a post-hoc Tukey’s test to deter-
mine differences among factors’ levels. Prior to any analyses, all 

Table 1 
ANOVA for the best linear mixed effects (lme) models for demographic variables 
of Cymodocea nodosa. Demographic variables: AG: Leaf biomass, BG: Below-
ground biomass, Density: Shoot density, SDW: Shoot size. Fix predictors: 
Elevation, Temperature (cumulative SST), Year. The values represent “numer-
ator DF (denominator DF) F” and p-values: ns: not significant, *<0.05, **<0.01, 
***< 0.001. The structures of the corresponding models are given at the bottom 
of the table.  

Covariates AGa BGb Densityc SDWd 

Elevation 2 (15) 
28.2*** 

2 (15) 
58.4*** 

2 (15) 
211.1*** 

2 (15) 
195.9*** 

Temperature 1 (684) 
634.2*** 

1 (682) 
0.02ns 

1 (681) 
58.8*** 

1 (685) 
336.9*** 

Year 1 (684) 
0.00ns 

1 (682) 
3.5ns 

1 (681) 
0.8ns  

Elevation*Temperature  2 (682) 
6.07** 

2 (681) 
3.8* 

2 (685) 
4.6* 

Elevation*Year 2 (684) 
4.6* 

2 (682) 
6.03** 

2 (681) 
5.0*  

Temperature*Year  1 (679) 
1.19ns 

1 (681) 
8.6*  

Elevation*Temperature*Year  2 (679) 
3.22*   

Model weight 0.52 0.53 0.51 0.50  

a log(AG) ~ Elevation + Temperature + Year + Elevation*Year + 1. 
b log(BG) ~ Elevation + Temperature + Year + Elevation * Temperature +

Elevation * Year + 1. 
c log(density) ~ Elevation + Temperature + Year + Elevation * Temperature 

+ Elevation * Year + Temperature * Year + Elevation * Temperature * Year + 1. 
d log(SDW) ~ Elevation + Temperature + Elevation * Temperature + 1. 
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variables except meadow growth balance were log-transformed to meet 
normality and homoscedasticity of the residuals. The parametric as-
sumptions were corroborated in the model residuals through visual in-
spections (Zuur et al., 2009). All statistical analyses were conducted 
using the R statistical environment (version 3.5.3; R Core Team, 2019). 

3. Results 

3.1. Environmental variables 

For the studied period (2005–2015), the monthly air temperature in 
Cadiz Bay was 12.9 ± 1.1 ◦C (average ± SD) in winter and 24.3 ± 1.2 ◦C 
in summer, with maximum peaks of 38 ◦C (Fig. 2A). The SST was 
similar, but milder, to air temperature (15.0 ± 1.0 ◦C in winter and 23.7 
± 0.9 ◦C in summer; Fig. 2A). In general, the temperature did not show 
evidence of any particular anomaly during the studied period. When 
accumulated seasonally, the values of cumulative SST grouped around 
48 (in winter), 57 (in spring and fall) and 69 ◦C (in summer) (Fig. 2B), 
corresponding to the quartiles 1 to 3. These values were used to account 

for seasonality within the overall temporal pattern evaluated from 2005 
to 2015. 

The temporal pattern for incident light was quite regular over the 
studied period (Fig. 2C, DLI at 4.0 m) with a marked seasonal pattern 
(55.6 ± 10.0 mol photon m− 2 d− 1 in spring-summer and 29.0 ± 11.7 mol 
photon m− 2 d− 1 in fall-winter; mean ± SD). Compared to the incident 
light at 4.0 m, the availability of light decreased with depth to 65, 74 and 
79% at 0.40, − 0.08 and − 0.5 m, respectively. This translates into an 
attenuation of 25% (at − 0.08 m) and 42% (at − 0.5 m) with respect to 
the intertidal elevation (0.4 m). Since a conservative value for the 
attenuation coefficient was used (0.6 m-1; Olivé et al., 2013), the 
simulated differences in light availability among the studied elevations 
were stable (14, 10 and 8 mol photon m− 2 d− 1 as yearly average at 0.4, 
− 0.08 and − 0.5 m respectively). However, any process affecting Kd (e.g. 
strong easterly winds, common in summer) is expected to increase these 
differences in light availability with depth. 

Fig. 4. Cymodocea nodosa meadow demography models. Model interpretation for: A) Leaf biomass, B) Belowground biomass, C) Shoot density and D) Shoot size. 
Models available in Tables 1 and 3. Points represent raw data, lines and grey areas the corresponding models and their SE. Differences in x-axes are due to differences 
in model predictors (Tables 1 and 3). Cumulative SST is a proxy for seasonality with winter as ca. 48 ◦C, spring-autumn ca. 57 ◦C and summer ca. 69 ◦C, respectively. 
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3.2. Demographic variables 

The aboveground biomass of C. nodosa showed a marked seasonality 
with unimodal patterns that were not observed for the belowground 
biomass (Fig. 3A). The seasonal effect on AG biomass was marked at the 
three studied elevations, with minimum values in winter (medians 34, 
49 and 38 g DW m− 2 at 0.40, − 0.08 and − 0.50 m, respectively) and 
maximum ones in summer (medians 162, 218 and 166 g DW m− 2 at 
0.40, − 0.08 and − 0.50 m, respectively) (Fig. 3A). 

The applied model confirmed that leaf biomass increased with 
elevation and cumulative SST (‘temperature’ from here on) (Table 1), 
having larger biomass in summer and at the subtidal elevations (− 0.08 
and − 0.5 m) than at the intertidal areas (0.4 m) (Fig. 4). Interannual 
differences were only detected when combined with elevation (Table 1, 
Fig. 4). In that case, the leaf biomass showed a soft negative trend with 
year at 0.4 m, a positive one at − 0.5 m and a nearly flat trend at the 
intermediate elevation (− 0.08 m) (Fig. 4). The increase in temperature 

also increased the interannual differences in leaf biomass with depth. 
Conversely, belowground biomass did not show a clear seasonal 

pattern (Fig. 3A bottom series). However, significant differences due to 
elevation, and its interaction with temperature and year, were detected 
(Table 1). In general, belowground biomass was similar at 0.4 and 
− 0.08 m, but lower at − 0.5 m (medians 298.1, 304.7 and 191.6 g DW 
m− 2, respectively). The interactions of the elevation with temperature 
and year showed differences among elevations at the beginning of the 
studied period, but similar values at the end (Fig. 4B). This pattern was 
attenuated with increasing temperature. 

Shoot density also exhibited a seasonal pattern (Fig. 3B) with mini-
mum values in winter (medians 938, 575 and 400 shoots m− 2 for 0.4, 
− 0.08, − 0.5 m, respectively) and maximum ones in summer (1300, 700 
and 525 shoots m− 2 for 0.4, − 0.08, − 0.5 m, respectively). Both eleva-
tion and temperature had significant effects in shoot density (Table 1, 
Fig. 4C), with higher values at 0.4 m (median 1125 shoots m− 2) than at 
− 0.08 m (median 638 shoots m− 2), or − 0.5 m (median 475 shoots m− 2), 

Fig. 5. Temporal changes on Cymodocea nodosa shoot processes at Cadiz Bay. A) Leaf appearance rate (LAR), B) Leaf growth rate (LGR) and C) Leaf loss rate (LLR). 
The variables are evaluated at intertidal (0.4 m), edge subtidal (− 0.08 m) and subtidal elevations (− 0.5 m). Data points represent medians and error bars first and 
third quantiles. White core symbols represent missing data replaced by seasonal values. These last values are not included in the statistical analysis. 
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and a positive effect of temperature that was less evident with increasing 
depth (Fig. 4C). Multiplicative effects were detected for the paired 
combinations of year, elevation and temperature (Table 1). These 
combinations revealed a change in the temporal pattern with depth, 
going from negative at the intertidal site (0.04 m), to positive at subtidal 
ones (− 0.08 and − 0.5 m). This temporal pattern was less evident with 
increasing temperature, but temperature increased the differences in 
shoot density between elevations (Fig. 4C). 

The seasonal pattern was also clear for shoot size (Fig. 3D), with 
larger shoots in summer (medians 0.107, 0.354, 0.339 g DW shoot− 1 in 
0.4, − 0.08 and − 0.5 m respectively) than in winter (medians 0.037, 
0.084, 0.089 g DW shoot− 1 in 0.4, − 0.08 and − 0.5 m respectively). 
Elevation, temperature, and their combination had significant effects on 
shoot size (Table 1, Fig. 4). Temperature had a positive effect on shoot 
size, significantly larger in subtidal zones (− 0.08 y − 0.5 m), increasing 
differences by elevation with increasing temperature (Fig. 4D). 

3.3. Plant dynamic variables 

Dynamic properties of the shoots showed also a marked seasonality 
(Fig. 5). Leaf appearance rate (LAR) showed unimodal patterns, with 
peaks in summer (0.9, 0.8 and 0.9 leaves shoot− 1 d− 1 at 0.4, − 0.08 and 
− 0.5 m respectively) and minimum values in fall-winter (0.04 leaves 
shoot− 1 d− 1 at 0.4, − 0.08 and − 0.5 m). Elevation, temperature, and a 
residual effect of their combination had effects on LAR (Table 2, Fig. 6). 
Although significant, differences due to elevation where not apparent on 
visual inspection (Fig. 6). 

Leaf growth rate (LGR) showed unimodal patterns, with peaks in 
summer (4.4, 7.5 and 11.7 mg DW shoot− 1 d− 1 at 0.4, − 0.08 and − 0.5 m 
respectively) and with minimum values in winter (0.5, 2.1 and 2.1 mg 
DW shoot− 1 d− 1 at 0.4, − 0.08 and − 0.5 m, respectively). Elevation, 
temperature and year all had effects on LGR (Table 2, Fig. 6). This 
variable showed a smooth negative interannual trend and values 
increased significantly with depth and temperature (Fig. 6). 

Leaf loss rate had a similar pattern to that described for growth, with 
peaks in summer (Figs. 5, 2.6, 6.7 and 8.5 mg DW shoot− 1 d− 1 at 0.4, 
− 0.08 and − 0.5 m respectively) and valleys in winter (0.5, 1.8 and 2.15 
mg DW shoot− 1 d− 1 at 0.4, − 0.08 and − 0.5 m respectively). However, 
the best fit model only includes elevation and temperature as controlling 
variable (Table 2), the values of the leaf loss rate showing a significant 
increase with depth and temperature (Fig. 6). 

3.4. Meadow processes 

To estimate production and loss at the meadow level, values of 
growth rate estimated at the level of shoots were scaled up using the 
corresponding value of shoot density and duration of the season. The 

results showed how the differences with depth observed at shoot level 
were partially compensated by differences in shoot density (Fig. 7), but 
differences were still significant (Table 3), with higher values in pro-
duction and losses in the subtidal (− 0.5 m) than in the intertidal 
elevation (Fig. 8). Surprisingly, meadow production was lower in the 
intertidal elevation (median value 140 g DW m− 2 season− 1 0.4 m; 
Fig. 7A), than in subtidal ones (medians of 230 and 206 g DW m− 2 

season− 1, at − 0.08 and − 0.5 m, respectively). 
The differences in meadow production and losses at the extremes of 

the studied elevation range counterbalanced, resulting in similar values 
of meadow production balance at 0.4 and − 0.5 m (Fig. 8C). In general, 
the meadow growing at − 0.08 m showed lower values in the meadow 
production balance than in the other two elevations (Fig. 8C). The 
meadow production balance provides an estimate of net production at 
the population level. In general, seasonal values of MPB oscillated 
around zero with negative values in fall and winter and positive ones in 
spring and summer, which ranged between − 400 and 400 g DW m− 2 

season− 1 (Fig. 7C). Clearly, temperature increased MPB at 0.4 and − 0.5 
m, but this increase was mild at − 0.08 m (Fig. 8C), where the balance 
had a larger proportion of negative values. 

4. Discussion 

This study provides the longest seasonal monitoring database for the 
seagrass C. nodosa available in the literature. The observed patterns in 
morphometric and dynamic variables of the plants lend support to 
phenotypic plasticity as a principal mechanism for the acclimation of 
this species. This plasticity is scaled up from shoot to meadow levels, 
resulting in a balance between gains and losses throughout the seasons. 
The plasticity of C. nodosa enables its acclimation to environmental 
gradients associated with depth (i.e. light reduction) and seasonality (i. 
e. light and temperature), highlighting morphometric acclimation as a 
key strategy for the long-term resilience of C. nodosa in shallow 
environments. 

Morphometric acclimation of C. nodosa to increasing depth includes 
maximizing shoot size and decreasing density. These responses to depth, 
and hence to light availability, have been previously reported for other 
seagrasses (Pérez-Lloréns and Niell, 1993; Olesen et al., 2017; Enriquez 
et al., 2019), attributing main benefits for long and sparse plants at 
deeper locations to better access to light (Krause-Jensen et al., 2000; 
Collier et al., 2007; Olesen et al., 2017) and for short and dense plants at 
intertidal and shallower sites to increased resistance to water emersion 
(Pérez-Lloréns and Niell, 1993; Peralta et al., 2000; Tanaka and 
Nakaoka, 2004) and as a mechanism for photoprotection (Schubert 
et al., 2015). 

In Cadiz Bay, the leaf traits of C. nodosa showed a marked season-
ality, with maximum values in summer and minimum in winter for 
demographic (biomass, shoot density and shoot size, Fig. 3) and dy-
namic attributes (leaf growth rate, leaf loss rate, Fig. 5). The consistency 
of this pattern with depth suggests an increase in meristematic activity 
associated with seasonal increases in light and temperature (Fig. 2; 
Terrados-Muñoz, 1995; Hemminga and Duarte, 2000). At intertidal 
elevation, where shoot density is highest, the leaf growth rate could be 
approaching a growth saturation threshold (Peralta et al., 2002) or a 
self-thinning limit (Westoby and Howell, 1986; Krause-Jensen et al., 
2000; Enriquez et al., 2019). In both cases, the response supports a 
larger investment in belowground tissues. 

The acclimation to depth not only includes differences in shoot size, 
but also in recruitment (Enriquez et al., 2019). In principle, shoot 
recruitment is supported by rhizome branching (Hemminga and Duarte, 
2000; Brun et al., 2006a), suggesting that adequate environmental 
conditions for the development of belowground structures could trigger 
shoot recruitment (Peralta et al., 2002). For Zostera noltei, the mecha-
nisms behind shoot size change were previously attributed to combined 
differences in leaf growth rate and plastochrone index (Peralta et al., 
2005; Brun et al., 2007). However, for C. nodosa, our results suggest that 

Table 2 
ANOVA for the best-lme models for plant dynamic variables of Cymodocea 
nodosa. Leaf appearance rate (LAR), Leaf Growth rate (LGR), Leaf loss rate (LLR). 
Fix predictors: Elevation, Temperature (cumulative SST), Year. The values 
represent “numerator DF (denominator DF) F′′ and p-values: ns: not significant, 
*<0.05, **<0.01, ***< 0.001. The structures of the corresponding best lme 
models are at the bottom of the table.  

Covariates LARa LGRb LLRc 

Elevation 2 (29) 10.1*** 2 (23) 210.5*** 2 (23) 90.1*** 
Temperature 1 (364) 

337.7*** 
1 (367) 
467.7*** 

1 (370) 
156.3*** 

Year  1 (367) 8.9**  
Elevation*Temperature 2 (364) 4.4* 2 (367) 7.5***  
Model weight 0.37 0.34 0.41  

a log(LAR) ~ Elevation + Temperature + Elevation * Temperature + 1. 
b log(LGR) ~ Elevation + Temperature + Year + Elevation * Temperature +

1. 
c log(LLR + 0.1) ~ Elevation + Temperature + 1. 
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bathymetric differences in shoot size could be related to a lower 
recruitment of shoots, which can be supported by a lower investment in 
belowground tissues, and the corresponding larger investment in indi-
vidual leaves. 

In any case, the morphometric acclimation of C. nodosa at shoot level 
(i.e. changes in shoot size and density) clearly rules the dynamic of the 
meadow. As previously described by Enriquez et al. (2019) for the 
tropical seagrass Thalassia testudinum, our results suggest that the 
morphometric acclimation of C. nodosa compensates at the population 
level, buffering the consequences of light limitation with depth for 
meadow production balance and supporting similar aboveground 

biomass stands along the shallow depth gradient. The observed 
morphometric response provides a better access to external resources 
(light and nutrients) with depth, but it also has physiological conse-
quences. Olivé et al. (2013) demonstrated for the same populations of 
C. nodosa, that the subtidal morphotype have larger photosynthetic 
surface, less self-shading and less tissue respiration than the small 
intertidal morphotype, helping to compensate for lower light avail-
ability and explaining how shoot density decreases with depth faster 
than biomass (Krause-Jensen et al., 2000). 

The morphometric acclimation of C. nodosa to depth also includes 
changes in belowground tissues. Plants growing at the intertidal 

Fig. 6. Cymodocea nodosa at shoot level. Model interpretation for shoot dynamic variables: A) Leaf appearance rate (LAR), B) Leaf growth rate (LGR) and C) Leaf loss 
rate (LLR). Models available in Tables 2 and 3. Points represent raw data, lines and grey areas the corresponding models and their SE. Differences in x-axes are due to 
differences in model predictors (Tables 2 and 3). Cumulative SST is a proxy for seasonality with winter as ca. 48 ◦C, spring-autumn ca. 57 ◦C and summer ca. 69 ◦C, 
respectively. 
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elevation exhibited a larger belowground network than the subtidal 
ones. This is a response previously reported for several seagrass species 
(Krause-Jensen et al., 2000; Collier et al., 2007; Olesen et al., 2017), 
being associated with strategies that maintain the carbon balance for the 
entire plant (Hemminga, 1998). For Zostera noltei, it has been stated that 
production of belowground tissues occurs when the requirements for 
leaf growth are fulfilled (Peralta et al., 2002), suggesting that the dif-
ferences on belowground biomass would not necessarily imply light 
limitation for leaf growth, but optimal light conditions to invest in 
belowground tissues. This mechanism would favor the spreading of the 
population by horizontal space occupation and shoot recruitment under 
higher light availability (with an upper limit defined by the emersion 
stress, Suykerbuyk et al., 2018), as these conditions favor both pro-
duction of belowground tissues and shoot recruitment (Duarte and 
Sand-Jensen, 1990). 

Leaf production includes both elongation and generation of new 
leaves. Once a new leaf is generated, the time for elongation is limited, 
only the newest 2–3 leaves of every meristem being considered with 
active growth (Pedersen and Borum, 1993; Brun et al., 2006b). 

Fig. 7. Seasonality on Cymodocea nodosa meadow rates at intertidal (0.4 m), edge subtidal (− 0.08 m) and subtidal elevations (− 0.5 m) in Cadiz Bay. A) Meadow 
Production (MP), B) Meadow Losses (ML), C) Meadow Production Balance (MPB). 

Table 3 
ANOVA for the best-lme models for meadow properties of Cymodocea nodosa. 
Meadow Production (MP), Meadow loss (ML), Meadow Production Balance 
(MPB). Fix predictors: Elevation, Temperature (cumulative SST), Year. The 
values represent “numerator DF (denominator DF) F′′ and p-values: ns: not 
significant, *<0.05, **<0.01, ***< 0.001. The structures of the corresponding 
best lme models are at the bottom of the table.  

Covariates MPa MLb MPBc 

Elevation 2 (98) 9.6*** 2 (101) 13.1*** 2 (99) 7.5*** 
Temperature 1 (98) 14.7*** 1 (101) 6.0* 1 (99) 3.05ns 

Year 1 (98) 7.1**   
Elevation*Temperature 2 (98) 4.5*  2 (99) 2.6ns 

Model weight 0.46 0.39 0.33  

a log(MP) ~ Elevation + Temperature + Year + Elevation * Temperature + 1. 
b log(ML) ~ Elevation + Temperature + 1. 
c MPB ~ Elevation + Temperature + Elevation * Temperature + 1. 
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Cymodocea nodosa occurring at Cadiz Bay had a similar rate of leaf 
appearance (LAR) along depth levels (median ca. 0.09 leaves shoot− 1 

d− 1 in summer and ca. 0.03 leaves shoot− 1 d− 1 in fall-winter, Fig. 5A) 
and these values are similar to those previously described for this species 
(Brun et al., 2006a; Sghaier et al., 2017). A similar LAR with depth 
agrees with the patterns in leaf growth rate (LGR) and leaf loss rate 
(LLR), as both are larger at subtidal than at intertidal zones, corre-
sponding to the production, or loss, of larger leaves. Summer peaks in 
growth and losses has been previously described for C. nodosa in other 
locations (Peduzzi and Vukovic, 1990; Cunha and Duarte, 2007). In the 
case of Cadiz Bay, these peaks were slightly desynchronized, with the 

peak of LGR starting earlier (spring-summer) and being narrower than 
the peak of LLR (summer-fall) (Fig. 5). This pattern agrees with the one 
observed for shoot recruitment and mortality in several temperate sea-
grass species (Hemminga and Duarte, 2000). 

Integrating LGR and LLR (per shoot) with shoot density allows for a 
preliminary upscaling of morphometric acclimation to population level 
(meadow production, meadow losses and meadow production balance). 
These results indicate that the subtidal population has a larger meadow 
production than the intertidal one, suggesting that light would not limit 
leaf production at the subtidal zone, or alternatively, that leaf produc-
tion is also limited at the upper distribution limit (e.g. by emersion or 

Fig. 8. Cymodocea nodosa meadow level models. Model interpretation for seasonal rates of: A) MP: Meadow Production, B) ML: Meadow losses and C) MPB: Meadow 
Production Balance. Data are expressed in g DW m− 2 season− 1. Models available in Table 3. Points represent raw data, lines and grey areas the corresponding models 
and their SE. Differences in x-axes are due to differences in model predictors (Table 3). Cumulative SST is a proxy for seasonality with winter as ca. 48 ◦C, spring- 
autumn ca. 57 ◦C and summer ca. 69 ◦C, respectively. 
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photoinhibition stresses; Peralta et al., 2002). Similar to meadow pro-
duction, meadow losses seem to be also lesser at the intertidal elevation. 
This pattern could be attributed to differences in the size of the senescent 
leaves, assuming that the senescence rate does not vary with depth, 
following the observed LAR pattern. What seems clear is that depth 
differences in growth and losses at shoot level are compensated at 
population level, resulting in a similar meadow production balance at 
the extremes of the distribution range (Fig. 7). Only the population 
occurring at mid elevation (− 0,4 LAT) showed a lower meadow pro-
duction balance. At this elevation, the shoots are large, but so is the 
belowground biomass, which could act as a burden when faced with 
periods of low light availability (Hemminga, 1998). 

Our results indicate that C. nodosa populations at Cadiz Bay have 
been stable and resilient for (at least) 10 years thanks to a morphometric 
acclimation strategy. However, it is not clear if this strategy would 
support the resilience of the seagrass under future climate change sce-
narios. These scenarios predict sea level rise and temperature increases 
(IPCC, 2014). According to our results, under these scenarios it could be 
reasonable to expect a decrease in the meadow production balance as a 
consequence of the light reduction associated with sea level rise. How-
ever, this species has proven to have morphometric acclimation mech-
anisms that could buffer the consequences of these effects. Previous 
research has stated that small increases in temperature have positive 
effects on LGR and carbon community metabolism for the large-leaved 
subtidal morphotype of C. nodosa (Egea et al., 2019a, 2019b), suggest-
ing that negative effects of future scenarios on LGR could be partially 
offset by an increase in shoot size. On the one hand, the short-leaved 
morphotype (associated with intertidal elevations) is characterized by 
a lower AG:BG biomass than the large-leaved morphotype (Fig. 3A). 
Belowground tissues store reserves that can be important to support 
clonal expansion towards higher elevations, which is an efficient 
mechanism to compensate sea level rise effects when the space for ac-
commodation is available. The morphometric acclimation from a 
short-leaved to a large-leaved morphotype (which could be expected 
gradually with SLR at the 0.4 m), may increase the resilience of the 
present population occurring at the intertidal zone. 

Our results suggest that a critical element on the resilience of 
C. nodosa in Cadiz Bay is water quality management, since light avail-
ability seems to be the main variable forcing C. nodosa meadow pro-
duction balance at Cadiz Bay (Table 3). The water quality degradation in 
European coastal waters has been one of the major causes of seagrass 
decline since the 1950s, yet this has been reversed in some locations 
probably due to the management actions taken to reduce the input of 
nutrients in coastal waters (de los Santos et al., 2019). The resilience of 
C. nodosa could improve with strategies to regulate activities directly 
modifying sediment stability and water transparency (e.g. shell fishing 
or boat anchoring and mooring; Collins et al., 2010), or by regulating 
activities indirectly affecting water transparency as nutrient loading (i.e. 
eutrophication; Paar et al., 2021). Lastly, the acclimation strategy of 
C. nodosa also suggest that conservation or restoration of suitable areas 
to promote population establishment after dispersal is also a comple-
mentary strategy to improve the resilience of seagrass meadows. 

In summary, C. nodosa populations occurring at Cadiz ay in the 
intertidal-subtidal zone between 0.4 and − 0.5 m have been stable dur-
ing (at least) the last 10 years. Most demographic and dynamic variables 
evidenced unimodal seasonal patterns with maximum values in summer 
and minimum ones in winter. Leaf biomass did not differ between the 
extremes of the studied bathymetric gradient despite the decrease in 
light availability. This response seems to be due to the morphometric 
acclimation of the leaves that generated larger, but sparser, shoots with 
depth. The large-leaved morphotype is more efficient using the available 
light than the short-leaved one, but also has larger leaf loss rates. At 
meadow level, the morphometric acclimation, with differences in shoot 
size and density, support larger leaf production and losses at the subtidal 
than at the intertidal edge. However, in both cases, they compensate 
each other in a similar way, supporting similar leaf biomass. Although 

currently stable, the long-term resilience of this species under climate 
change scenarios might depend especially on the response of the existing 
intertidal population. The intertidal population, with a larger below-
ground investment, could support a gradual horizontal expansion to 
higher elevations, whereas a gradual morphotype change to larger 
shoots could improve the use of light availability on the current eleva-
tion when sea level rises. The success of these long-term resilience 
strategies will also depend on the efficiency of the long-term manage-
ment of water quality and sediment stability of the bay. This study 
contributes to the understanding of the mechanisms behind seagrass 
stability and resilience, which is particularly important to predict the 
effects of climate change on these key coastal ecosystems, and also 
highlights the value of continuous long-term monitoring efforts to 
evaluate seagrass trajectories. 

The data sets for this article are open access in the Zenodo repository: 
https://doi.org/10.5281/zenodo.5354868. 
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de Ingeniería de Puertos y Costas, vol. 98. Servicio de Publicaciones de la 
Universidad Politecnica de Valencia, pp. 125–136. 
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