
R E S E A R CH A R T I C L E

Long-term seagrass degradation: Integrating landscape,
demographic, and genetic responses

Pablo Manent1 | Gonzalo Bañolas1 | Filipe Alberto2 | Leticia Curbelo1 |

Fernando Espino1 | FernandoTuya1

1Grupo en Biodiversidad y Conservación,

IU-ECOAQUA, Universidad de Las Palmas de

Gran Canaria, Marine Scientific and

Technological Park, Telde, Spain

2University of Wisconsin–Milwaukee,

Milwaukee, WI

Correspondence

Pablo Manent, Grupo en Biodiversidad y

Conservación, IU-ECOAQUA, Universidad de

Las Palmas de Gran Canaria, Marine Scientific

and Technological Park, Crta. Taliarte s/n,

35214 Telde, Spain.

Email: pablinx77@gmail.com

Funding information

MINECO, Grant/Award Number:

CGL2014-58829-C2-1-R

Abstract

1. Seagrass meadows are crucial habitats on nearshore areas, which are exposed to

human disturbances that frequently cause seagrass loss. Although demographic

and mapping data have been widely used in long-term monitoring programmes,

the integration of multi-locus genotype data through time remains rare.

2. The present work links, for the first time, landscape, demographic, and genetic

data for a seagrass, so as to explore long-term responses to persistent human

impacts. The temporal patterns in meadow area, shoot density, and clonal and

genetic diversity of three Cymodocea nodosa meadows were compared: in one

meadow directly affected by the construction of an industrial port and in two con-

trol areas. The hypothesis tested was that seagrass deterioration and subsequent

habitat loss at the affected meadow would be associated with a reduction of

seagrass clonal and genetic diversity.

3. The results show significant reductions in both meadow area (from approx. 21 to

1.5 ha) and shoot density (from approx. 1,800 to 400 shoots per m2) at the

impacted meadow, with concurrently reduced clonal and allelic richness

(by approx. 22%), as well as heterozygosity (HLmean, approx. 21%; Hobs, approx.

12%). These descriptors, however, remained stable, or even increased, in the

controls.

4. Importantly for seagrass management, multi-disciplinary analysis made it possible

to link slower, large-scale, landscape and genetic degradation processes with

faster demographic deterioration on an intermediate meadow scale. Multi-locus

genotype data were also crucial for revealing long-term degradation processes at

the genetic level, which is undetectable by traditional monitoring techniques.

5. In summary, this holistic approach provides a valuable framework for long-term

seagrass monitoring programmes to detect cumulative signals of seagrass

meadow degradation across a range of scales.
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1 | INTRODUCTION

Globally, seagrasses constitute a key habitat in coastal waters,

where they have a marked effect upon physical, chemical, and bio-

logical environments, providing important ‘goods and ecological ser-

vices’ to humans (Hemminga & Duarte, 2000). The location of

seagrasses in shallow waters, however, increases their vulnerability

to human-related disturbance. Anthropogenic pressures on the

coast are a fundamental cause of the global deterioration of

seagrasses (Orth et al., 2006), including eutrophication, increased

turbidity, and mechanical damage on the seabed (Duarte, 2002). In

some cases, the construction of coastal infrastructures such as

marinas and harbours have severely affected seagrass meadows

(Roca et al., 2014; Ruiz & Romero, 2003; Tuya, Martín, & Luque,

2002). If persistent, the degradation of seagrass meadows may lead

to an erosion in their demographic, structural, allelic, and clonal

attributes (Fabbri et al., 2015; Jahnke, Olsen, & Procaccini, 2015;

Tuya et al., 2014). Thus, incorporating functional descriptors in

seagrass monitoring programmes across a range of organizational

levels, from genes to the landscape, has been proposed to gain a

deeper understanding to facilitate seagrass management (Procaccini,

Olsen, & Reusch, 2007; York et al., 2017).

Seagrasses are clonal plants that propagate both asexually and

sexually. Seagrass ramets refer to physiologically autonomous and

genetically identical shoots, which spread under the substrate by

their modular and reiterative vegetative growth. Seagrass genets

refer to genetic individuals derived from a single zygote. Genets can

be composed of one or several ramets, which represent the accumu-

lative contribution of successful sexual reproduction through genera-

tions. The complex architecture of seagrass meadows results from a

combination of processes operating at various scales, driven by the

balance between clonal and sexual strategies across space (Alberto

et al., 2005; Ruggiero, Reusch, & Procaccini, 2005) and also through

time (Becheler, Benkara, Moalic, Hily, & Arnaud-Haond, 2014). This

balance is regulated by the allocation of resources to either type of

reproductive strategy (Vallejo-Marín, Dorken, & Barrett, 2010), being

more or less temporally stable under natural and deterministic condi-

tions. However, when stochastic or anthropogenic impacts degrade

habitat and environmental quality or resource availability, such

trade-offs result in changes at genetic, demographic, and landscape

levels (Duarte, Fourquean, Krause-Jensen, & Olesen, 2006; Young,

Boyle, & Brown, 1996). As landscape, demographic, and genetic pro-

cesses operate at different scales, these changes will also entail sev-

eral responses linked to the process of seagrass meadow

degradation across multiple scales (O'Brien et al., 2018). Such

responses will depend, on the one hand, on the magnitude, fre-

quency, and persistence of the impact, as well as on the spatial

extent and time scale of the degradation trajectories at each level,

and their cumulative interactions. Consequently, a multidisciplinary

approach, which integrates the complexity of seagrass dynamics

through multi-scale descriptors of meadow change, is necessary to

meet efficient long-term management and conservation needs

(Duarte et al., 2006; O'Brien et al., 2018).

The tradition of long-term demographic data and seabed map-

ping of seagrass monitoring programmes has resulted in useful

descriptors to track meadow degradation (Roca et al., 2016; Short &

Coles, 2001). For example, shoot density and seagrass mapping

effectively detect shoot mortality at small–intermediate meadow

scales (Fabbri et al., 2015; Roca et al., 2016) and meadow area reduc-

tion and fragmentation at large landscape scales, respectively

(Short & Coles, 2001). Genetic monitoring using microsatellite multi-

locus genotype data remains scarce or disregarded in long-term

seagrass research (Procaccini et al., 2007), however, despite its value

in tracking changes in the prevalent reproduction mode or in

detecting genetic erosion and inbreeding. There have been some

attempts to understand the effects of clonality on seagrass meadow

dynamics (Becheler et al., 2014; Becheler, Diekmann, Hily, Moalic, &

Arnaud-Haond, 2010), and to evaluate the temporal variability of

genetic diversity (Reynolds et al., 2017).

The aim of the present study was to evaluate an innovative and

multidisciplinary framework, integrating landscape, demographic, and

multi-locus genotype data, to explore the long-term responses of the

seagrass Cymodocea nodosa (Ucria) Ascherson to human impacts. To

achieve this goal, data available from previous works (Alberto, Arnaud-

Haond, Duarte, & Serr~ao, 2006; Bañolas unpubl. data; Fabbri et al.,

2015; Manent, Alberto, Caujapé-Castells, Serr~ao, & González, unpubl.

data) were assembled, in conjunction with new data, for three

C. nodosa meadows at Gran Canaria Island (eastern Atlantic): one

meadow directly impacted by port construction and two control areas

outside the influence of human actions. We hypothesized that erosion

in meadow area and shoot density was associated with decreased

clonal and genetic diversity at the impacted meadow over time. By

contrast, temporal stability in landscape, demographic, and genetic

descriptors was expected in the control areas.

2 | METHODS

2.1 | Description of the seagrass species and
meadow selection

The seagrass C. nodosa is the most important seagrass species in the

Canary Islands, where it creates stable and extensive meadows, mostly

from 3 to 20 m in depth, along semi-exposed and sheltered coasts.

Several studies have reported a declining trend of C. nodosa meadows

at Gran Canaria Island (Tuya et al., 2014; Tuya, Hernandez-Zerpa,

Espino, & Haroun, 2013) and, in general, at the most populated islands

of the archipelago (Fabbri et al., 2015). The main human-mediated

impacts that are correlated with seagrass meadow deterioration are

the presence of outfalls (sewage and brine) and ports (Tuya et al.,

2014). The most drastic case occurred at Arinaga Bay, on the east

coast of Gran Canaria Island, where a healthy C. nodosa meadow,

ranging from 3 to 20 m in depth, extended throughout the entire bay

until the construction of an industrial port in two successive phases,

from 1998 to 2002. Since then, the extent of the meadow has been

dramatically reduced and remains fragmented to the present day,
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where only approximately 10% of the meadow area that existed

before the construction of the port persists (de la Rosa et al., 2015).

With the availability of historical data over a wide time range, covering

the periods before and after the construction of the port, Arinaga was

selected as the impacted meadow (IM) (Figure 1). In addition, two con-

trol sites were selected outside the influence of relevant direct human

actions and with data available for a comparable time frame. The first

control (CM1), Juncalillo del Sur, is located on the southern coast of

the island, where the meadow extends from 3 to 15 m in depth; this

meadow is protected within a ‘Special Area of Conservation’ (code

ES7010056) under the European Union ‘Natura 2000’ network

(Figure 1). The second control site (CM2), Güigüi, also within a ‘Special

Area of Conservation’ (code ES7011005), is located on the western

coast of the island (Figure 1). With exposure to strong oceanic swells

from the west, the shallowest part of the meadow is restricted to

12 m in depth, extending up to 25 m. The inclusion of two control

sites, under distinct environmental scenarios, is pertinent so as to

incorporate varying sources of natural variability to adequately disen-

tangle the effects of coastal impacts on seagrass meadows from local

natural variation (Montefalcone et al., 2008). Nevertheless, C. nodosa

meadows at Gran Canaria Island occur in open water and hence share

other important environmental features at the island scale,

e.g. sediment type (predominantly sandy bottoms), as well salinity and

seawater temperatures (de la Rosa et al., 2015; Tuya et al., 2019).

2.2 | Data sources, sampling, and statistical
analysis

2.2.1 | Landscape

To explore temporal changes in the area covered by C. nodosa at each

meadow, two different techniques were implemented according to

the data availability for each meadow. At the IM, a range of aerial pho-

tographs from 1964 to the present day was analysed. Aerial images

have effectively mapped the distribution of nearshore habitats

(Yamano, Kayanne, Yonekura, & Kudo, 2000), including temporal pat-

terns in the presence of seagrass meadows (Cuvillier et al., 2017;

Short & Coles, 2001). The Geographic Information System (GIS) of the

Regional Government of the Canary Islands (www.idecanarias.es) pro-

vided all of the photographs. A considerable number of images were

not of the quality required for processing, i.e. with sun reflecting on

the sea surface or with strong winds disturbing the sea surface, blur-

ring the identification of seagrass patches. A total of 12 photographs

were finally selected and subsequently processed through the open-

source software QUANTUM GIS (QGIS; Quantum GIS Development

Team, 2016). First, each image was geo-referenced using at least

three known points from a reference image of Gran Canaria Island

taken in 2016 (www.idecanarias.es), using a WGS-84 UTM Zone 28 N

projection. Second, for each image a layer was created to delimit the

area covered by C. nodosa patches, providing an estimation of the

total area for each year (Appendix S1). For the control sites, the lack

of available images and the deeper distribution of the meadows

prevented the use of the same procedure. As an alternative, all publi-

shed cartographies for both CM1 (2002, 2003, 2011, and 2016) and

CM2 (2002, 2003, and 2016) from local environmental and public

agencies (Espino, Garrido, Herrera, & Tavío, 2003; Martínez, 2011;

Ministerio de Medio Ambiente, 2002; Monterroso et al., 2016) were

compiled. Shape files were then processed through QGIS; for each

shape, i.e. each meadow and year, the total area covered by C. nodosa

(Appendixes S2 and S3, respectively) was estimated. For each

meadow, a linear regression tested for changes in seagrass area

through time. Despite different mapping techniques being

implemented for the IM and CM meadows, both techniques provided

similar mapping outputs, as long as environmental features were simi-

lar between the meadows (e.g. depth, granulometry; for a discussion,

see Gumusay, Bakirman, Kizilkaya, & Aykut, 2019).

2.2.2 | Demography

Published (Table S1 of Fabbri et al., 2015) and non-published studies

on seagrass shoot density from the three C. nodosa meadows, from

F IGURE 1 Map of the study region (a), including the location of the three seagrass meadows (b): Arinaga (IM), Juncalillo del Sur (CM1), and
Güigüi (CM2)
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1994 to 2016, were compiled. Shoot density was expressed as the

number of shoots per m2 and was typically assessed through the

deployment of a 25 × 25-cm quadrat. The mean and SE values for

each study were extracted. Linear regressions then tested changes in

seagrass shoot density through time.

2.2.3 | Population genetics

To infer seagrass genetic changes through time, two temporal data

sets for IM, CM1, and CM2 meadows, hereafter ‘past’ and ‘2015’ data,

were assembled. The past data set consisted of previous microsatellite

multi-locus genotype (MLG) data available from Alberto et al. (2006)

and unpublished data. IM and CM2 meadows were sampled in 2003

and 2006, respectively (Table 1), following the methodology described

by Alberto et al. (2006). A slight variation of this method was used at

CM1 in 2007, where only reproductive ramets (i.e. those with male or

female flowers) were randomly collected. Such a difference in the

reproductive nature of the individuals sampled might slightly affect

temporal comparisons of clonal diversity descriptors. In order to

undertake comparative analyses with confidence, collecting equal

numbers of ramets from all meadows (n = 40) has proven effective for

obtaining accurate estimates of clonal and genetic diversity for this

species (Alberto et al., 2006; Manent, Alberto, Caujapé-Castells,

Serr~ao, & González, unpubl. data), irrespective of the nature of the

samples (either vegetative or sexual). All meadows were re-sampled in

August 2015, following the methodology of Alberto et al. (2006), at

the same original Universal Transverse Mercator (UTM) geographic

coordinates.

Total DNA was extracted from dehydrated leaves, following the

cetyl trimethylammonium bromide (CTAB) extraction procedure

(Doyle & Doyle, 1988). Then, a set of nine microsatellite loci: Cy1,

Cy18, Cy4, Cy16 (Ruggiero, Reusch, & Procaccini, 2004), Cn4–19,

Cn4–6, Cn2–38, Cn2–14, and Cn2–86 (Alberto, Correia, Billot,

Duarte, & Serr~ao, 2003), were combined in four polymerase chain

reaction (PCR) multiplexes (MA, MC, MD, and ME) and one simplex

(Cn2–86). PCR conditions are described in Appendix S4. Fragment

length was analysed on ABI 3130 and ABI 3130 XL sequencers

(Applied Biosystems, Foster City, CA), for past and 2015 samples,

respectively. The use of different sequencers might have affected

the size of the alleles, but the clonal and genetic diversity descrip-

tors analysed were based on the quantity and frequency of both

alleles and genotypes in each sample, without phylogenetic relation-

ships or comparisons of genotypes or allele frequencies between

samples. Hence, the calibration of allele codes between temporary

MLG data matrices was not performed. Absolute allele sizes were

scored with STRAND (www.vgl.ucdavis.edu/informatics/strand.php)

and STPEAKSCANNER 2 (Applied Biosystems) for past and 2015

samples, respectively. Then, for each temporal set of samples,

alleles were binned into allele codes in each locus by the median of

the frequency distribution of their absolute sizes, using the R

package MSATALLELE_1.0 (Alberto, 2009). Finally, ramet-based

MLG matrices from past and 2015 samples were constructed and

analysed.

For the ramet-level analysis, it was first necessary to discriminate

which ramets with identical MLGs belonged to the same genet

(Arnaud-Haond, Duarte, Alberto, & Serr~ao, 2007). Thus, the probabil-

ity that identical MLGs originated from different sexual reproductive

events (Psex) (Parks & Werth, 1993) was estimated for each temporal

sampling at each meadow. Psex = 0.05 was used as the threshold to

reject the hypothesis of sexual reproduction originating from distinct

MLGs. Clonal diversity was then described using four descriptors. The

clonal richness (R) was estimated as the ratio between the number of

discriminated genets and the number of sampling units (Dorken &

Eckert, 2001). The Simpson evenness index (ED*) and the slope (β) of

the Pareto distribution were also calculated, which describe the clonal

evenness of genets and ramets within genets, respectively (Arnaud-

Haond et al., 2007). Finally, the clonal subrange (CR), a spatial measure

where clonality still affects spatial genetic structure (Alberto et al.,

2005), was also computed. All clonal diversity descriptors were esti-

mated for each sampling at each meadow with GENCLONE 2.0 (Arnaud-

Haond & Belkhir, 2007).

For the genet-level analysis, several genetic diversity descriptors

were obtained for each meadow. The allelic richness (Â) was

TABLE 1 Summary of clonal and genetic diversity descriptors from Cymodocea nodosa meadows

Sampling
year

Seagrass
meadow Code

Clonal diversity Genetic diversity

N G R ED* β CR A Â26 HLmean Hobs Hexp FIS

2015 Arinaga IM 34 19 0.545 0.882 2.019 33.44 19 2.06 0.666 0.242 0.233 −0.040

2015 Güigüi CM2 36 30 0.829 0.805 2.984 11.66 28 2.75 0.587 0.315 0.356 0.113**

2015 Juncalillo del Sur CM1 33 21 0.625 0.797 1.936 39.04 25 2.56 0.469 0.362 0.316 −0.146**

2003 Arinaga IM 35 27 0.765 0.649 3.128 24.23 22 2.28 0.456 0.364 0.311 −0.172***

2006 Güigüi CM2 39 30 0.763 0.888 2.363 5.52 27 2.56 0.661 0.257 0.311 0.176***

2007 Juncalillo del Sur CM1 38 29 0.757 0.767 2.257 25.73 28 2.54 0.675 0.287 0.284 −0.014

Abbreviations: N, total number of sampling ramets; G, total number of genets; R, clonal richness; ED*, Simpson;s evenness index; β, slope of the Pareto

distribution; CR, clonal subrange; A, total number of alleles; Â26, allelic richness standardized to G = 26; HLmean, mean value of the homozygosity by locus

index; Hobs, observed heterozygosity; Hexp, expected heterozygosity; FIS, inbreeding coefficient, including levels of significant departure from Hardy–
Weinberg equilibrium (**P < 0.001, ***P < 0.0001); IM, impacted meadow; CM, control meadow.
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estimated using the rarefaction method implemented in HP-RARE 1.1

(Kalinowski, 2005), using a sample size standardized to the minimum

number of genes (G = 26). Observed (Hobs) and expected (Hexp) het-

erozygosity, and the Weir and Cockerham (1984) estimator of the

inbreeding coefficient (FIS), were all estimated using GENEPOP 4.5.1

(Rousset, 2008). Hardy–Weinberg (HW) expectations were tested

using the Fisher's exact test, also implemented in GENEPOP 4.5.1.

The individual heterozygosity, here termed the homozygosity by

locus index (HL) (Aparicio, Ortego, & Cordero, 2006), was also esti-

mated for each genet with GENHET 2.1 (Coulon, 2010). Mean values

(HLmean) were also computed for each meadow. Significant changes

of genetic diversity descriptors between times (i.e. past versus 2015)

for each meadow were tested by one-sided Wilcoxon signed rank

tests, implemented in R 3.4.0 (R Core Team, 2015). Finally, correla-

tions between meadow area and mean shoot density with both

clonal and genetic diversity descriptors were tested by means of

Pearson correlation coefficients in R 3.4.0 (R Core Team, 2015).

3 | RESULTS

3.1 | Seagrass meadow area and shoot density

Since 1996, the area covered by C. nodosa at IM (Appendix S1) has

significantly decreased over time (P < 0.05; Figure 2a). In 2016, only

about 1.5 ha (roughly 7% of the original area) was covered by

C. nodosa (Figure 2a); almost the entire meadow has been lost in

23 years. In particular, the meadow area has abruptly decreased since

2002, i.e. after the second phase of the construction of the industrial

port. At the control sites, however, there was no significant temporal

trend (P > 0.05; Appendixes S2 and S3; Figure 2c and e, respectively).

Similarly, seagrass shoot density significantly decreased over time at

IM (P < 0.05; Figure 2b). In 2015, the seagrass shoot density had

decreased by a factor of four relative to that in 1995, from

1,848 ± 286.1 to 435 ± 69.2 shoots per m2 (Figure 2b). By contrast,

the seagrass shoot density increased or was temporally maintained at

F IGURE 2 Temporal variation in
Cymodocea nodosa seagrass area and

shoot density at the impacted meadow (a,
b) and at the control areas (c, d, CM1; e, f,
CM2). Only significant changes through
time are denoted with linear regressions.
The vertical lines at panels (a) and
(b) denote the two phases of port
construction in 1998 and 2002
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the control sites, from 383 ± 75.1 to 1,121 ± 154.8 shoots per m2 at

CM1 and from 787 ± 88.6 to 497 ± 76.4 shoots per m2 at CM2

(Figure 2d and f, respectively).

3.2 | Clonal and genetic diversity

Clonal richness values were similar between the three meadows in

the past; however, there were clear differences between CM2

(R = 0.829) and IM (R = 0.545) in 2015 (Table 1). Through time R was

severely decreased at IM (approx. 22%), slightly increased at CM2

(approx. 0.06%), and moderately decreased at CM1 (approx. 13%)

(Table 1). The slope β of the Pareto distribution showed a temporal

decrease at IM and CM1; both meadows showed an increase of the

Simpson evenness index (ED*). This seems to occur by an enlargement

of the maximum clone size, i.e. through the dominance of large and

intermediate sizes, in 2015. This temporal trend was particularly acute

at IM, compared with the more stable but contrasting clonal structure

of the control sites (Table 1). Despite the slight increases in β and

R and the decrease of ED* detected at CM2 in 2015, the high values

suggest that this meadow is persistently composed of numerous small

genets (nmax = 3, in 2015), with high evenness (Table 1).

Genetic diversity descriptors of each meadow showed, in general,

low allelic richness and heterozygosity (Table 1). The most pro-

nounced temporal variations (past versus 2015) in Â (Â_2003 = 22,

Â_2015 = 19) and Hobs (Hobs_2003 = 0.364, Hobs_2015 = 0.242) were

observed at IM (Table 1), representing the only decrease of genetic

diversity detected by this study. Conversely, these descriptors were

stable, or even increased, through time at both controls. The FIS also

showed contrasting temporal trends between the control sites and

the IM (Table 1). Although FIS decreased at both CM1 and CM2, FIS

increased at IM. CM2 was the only meadow with positive FIS values

(FIS_2007 = 0.176, FIS_2015 = 0.113), however. Wilcoxon signed-rank

tests did not detect significant temporal changes in any locus-based

genetic diversity index for each meadow (results not shown); however,

the significant temporal changes of the HL index at IM (W = 105,

P < 0.001) and CM1 (W = 487, P < 0.001) showed opposite trends

(Figure 3, i.e. with curve displacements to the right, denoting higher

HL values in 2015, and to the left, denoting lower HL values in 2015,

respectively).

Pearson correlation coefficients showed significant, but opposing,

relationships between Â and HL (or FIS) with meadow area and mean

shoot density (Table 2), respectively. Whereas Â and meadow area

were positively correlated, FIS and HLmean both decreased with

increasing shoot density.

4 | DISCUSSION

4.1 | Landscape and demographic trends

The contrasting temporal trends of meadow area and shoot density

between the impacted and control meadows revealed a progressive

decrease in landscape and demographic descriptors at IM in a tempo-

ral window of 10–15 years, compared with the controls, where these

attributes remained more or less stable through time. A vast reduction

in meadow area was the most critical sign of degradation. In particular,

the progressive declining process started after the completion of the

F IGURE 3 Clone size (number of ramets per genet) versus
homozygosity by locus index (HL) in 2015 (grey circles) and in past
(filled diamonds) samples for the impacted meadow (a) and for
controls (b, CM1; c, CM2)

TABLE 2 Pearson correlation coefficients between (log-transformed) meadow area and shoot density and (log-transformed) clonal and
genetic diversity descriptors

R CR ED Â Hexp HL Hobs FIS

Meadow area 0.426 −0.091 −0.240 0.827 0.650 −0.175 0.514 −0.153

Shoot density −0.394 0.617 −0.640 −0.459 −0.064 −0.849 0.622 −0.904

Abbreviations: R, clonal richness; CR, clonal subrange; Â, allelic richness; HL, homozygosity by locus index; FIS, inbreeding coefficient.

Significant correlations are denoted in bold (P < 0.05) and bold italic (P < 0.01)
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port development (2002) and was sustained until the end of the study

period, when C. nodosa only occupied approximately 7% of the initial

area. Visual inspection also revealed a reduction in patch size, accom-

panied by increased patch fragmentation and isolation (Appendix S1).

The significant declining trend of shoot density also agrees with the

landscape mapping trends at IM, and a reduction of approximately

50% relative to pre-impacted values was observed in the year after

completion of the port (2003). This large reduction most likely resulted

from a sudden episode of shoot mortality during the construction of

the port. Since then shoot densities have remained low, indicating a

possible acclimation to survive the new and persistent degrading envi-

ronmental conditions imposed after the port completion.

A range of disturbances associated with the construction of

coastal infrastructure has been shown to alter the functioning and

resilience of seagrass meadows. Sediment plumes above meadows

during the construction of marinas and ports have negatively affected

their vitality through light limitation (Roca et al., 2014; Ruiz & Romero,

2003; Tuya et al., 2002). In the current study, large sediment plumes

drifted with tidal currents up to 5 km from the construction site

(Appendix S5), most likely affecting C. nodosa via light limitation during

the years of port construction. The construction of ports has also been

responsible for changes in nearshore sediment transport patterns else-

where, potentially damaging seagrass meadows by altering erosion

and burial processes (Duarte, 2002). The seagrass C. nodosa has the

ability to inhabit highly dynamic substrates, by relocating growing

meristems to new sediment levels (Marbà & Duarte, 1995), particu-

larly when the clonal integration of large ramets is maintained, and so

resources can be translocated between adjacent shoots (Tuya,

Espino, & Terrados, 2013). Under the stress conditions caused by low

light levels it is plausible that the resilience of plants to cope with sedi-

mentary disturbance may have been reduced. In addition, as mortality

risk is patch-size dependent (Duarte et al., 2006), increased levels of

fragmentation would also have decreased the capacity to resist

impacts, particularly if recovery capacity is dependent upon self-

recruitment and regeneration (Unsworth, Collier, Waycott,

Mckenzie, & Cullen-Unsworth, 2015) and intact clonal integration

(Tuya, Espino, et al., 2013).

4.2 | Clonal and genetic diversity trends

Temporal trends of clonal and genetic diversity, in conjunction with

landscape and demographic histories, have been demonstrated to be a

useful framework to relate clonal and genetic responses with ecologi-

cal trajectories. In particular, a remarkable decrease in clonal richness

was detected at IM in 2015. Two non-exclusive mechanisms may

explain this outcome. First, there is a differential survival of clones,

with larger and long-lived genets appearing to be particularly persis-

tent. These clones of C. nodosa might take advantage of their larger

clonal integration in the face of unfavourable conditions, either to

cope with burial events (Marbà, Hemminga, & Duarte, 2006;

Tuya, Espino, & Terrados, 2013) or to contribute to meadow resis-

tance (Arnaud-Haond, Marbà, Diaz-Almela, Serr~ao, & Duarte, 2010;

Diaz-Almela et al., 2007). In severely bottlenecked populations, clonal

success may also be an efficient way to alleviate local resource short-

ages and to ameliorate the rise in biparental inbreeding (Stoeckel &

Masson, 2014). Second, the decreased clonal richness at IM may also

be attributed to lowered sexual recruitment. Reusch (2003) found that

the population fragmentation of a Zostera marina meadow limited its

reproductive output. As the pollen dispersal of C. nodosa is extremely

restricted (Alberto et al., 2005; Ruggiero et al., 2005), the severe

reduction of shoot density together with the persistent increase in

meadow fragmentation at IM over time is very likely to have limited

its reproductive potential.

At the control sites, different clonal richness trends were accom-

panied by ecological stability. Local environmental conditions may

have shaped the particular landscape and demographic trends at each

control site, thereby affecting the method of reproduction that

C. nodosa selects in the face of natural variability and disturbance, but

crucially without allelic loss, unlike that observed at IM. As the shoot

density is increasing at CM1, a decrease in clonal richness would

reflect density-regulated meadows, in which increased competitive

exclusion among genets may lead larger clones to outcompete for the

available space (Becheler et al., 2014). The persistent high clonal rich-

ness and evenness at CM2 reflects a meadow fully dominated by small

clones, however, in a permanent state of colonization, which is

expected under periodic disturbance regimes. As recurrent western

oceanic swells affect this meadow during autumn and winter, meadow

maintenance seems to be based on persistent and effective sexual

recruitment, but with an additional cost in terms of inbreeding,

reflected here by persistent positive FIS values. Similar meadow

dynamics were observed by Vidondo et al. (1997) for C. nodosa, where

a permanent state of colonization, created by periodic disturbance

from the migration of subaqueous dunes, resulted in high patch mor-

tality and high clonal richness (Oliva et al., 2014).

The contrasting trend of genetic diversity between the

impacted meadow and the controls agrees with the overall genetic

erosion of the impacted meadow, in concordance with landscape

and shoot density trends. Whereas allelic richness and heterozygos-

ity decreased substantially through time at IM, both of these

genetic attributes increased in the controls. The generalized low

level of polymorphism and the high variance between loci, however,

might have limited our statistical power to detect a statistically sig-

nificant decrease of allelic richness at IM. Significant temporal dif-

ferences of the mean HL index arose at both the impacted meadow

and the controls. Although a reduction of heterozygosity at IM

agreed with meadow reduction and fragmentation, the increased

heterozygosity at both control sites was also supported by land-

scape stability and demographic growth. Furthermore, allelic rich-

ness and heterozygosity-based descriptors (HL and FIS) were

correlated, positively and negatively, with meadow area and shoot

density, respectively. The correlation between HL and meadow area

agrees with the process of allelic loss expected under increased

genetic drift from effective population size reduction and habitat

degradation (Young et al., 1996). The correlation between FIS and

shoot density highlighted that shoot density can affect population

MANENT ET AL. 1117



inbreeding and heterozygosity, most likely through influencing polli-

nation and recruitment success. Based on the limited pollen dis-

persal of C. nodosa (Alberto et al., 2005; Ruggiero et al., 2005),

large shoot densities counter biparental inbreeding. Low densities

would also mismatch with the optimal pollination distances required

for the species to deal with random mating. Hence, restricted pollen

dispersal would increase the effect of inbreeding. The random

(or close to) mating of plants would be enhanced at intermediate

shoot densities, which may favour optimal sexual recruitment in the

meadow, thereby equilibrating inbreeding levels under HW

expectations.

4.3 | Concluding remarks: management
implications

At first sight, the outcomes of this study reinforce the idea that the

construction of coastal infrastructures, such as a port in this case

study, can negatively affect the vitality of seagrass meadows. Seagrass

mapping together with shoot density measurements revealed a worry-

ing, probably irreversible, large-scale degradation process, highlighting

the increased risk of extinction when seagrass meadows are persis-

tently impacted. Ideally, the temporal collection of demographic and

landscape data should have been more frequent in the controls, and,

in general, collected following similar schemes of temporal replication.

Even so, our data provided solid evidence of long-term meadow deg-

radation at three organizational levels, i.e. in terms of shoot mortality

and meadow area reduction, as well as clone/allelic erosion and

inbreeding. Despite the descriptors within each level having a limited

utility per se, their combined use in a multidisciplinary framework pro-

vided a more reliable assessment of the magnitude and extent of long-

term seagrass degradation. Importantly, in terms of seagrass manage-

ment, this multidisciplinary approach could link long-term, large-scale,

landscape degradation (e.g. meadow area reduction) with short-term

demographic degradation (e.g. massive shoot mortality) at small to

intermediate scales. Thus, having a long-term series of multi-level data

is key to avoiding reaching biased interpretations when one-level

descriptors are used exclusively, or even when data prior to an impact

is unavailable. At the same time, multi-locus genotype data over time

was crucial to discern seagrass degradation, not only at the ramet level

but also at the genet level (e.g. clone/allele erosion). Seagrass ramets

and, to a lesser degree, genets were probably the main elements

harmed in the IM after the mass mortality detected in 2003, i.e. after

completion of the port. Although shoot densities were abruptly

reduced at that time, this meadow had similar levels of clonal richness

relative to controls. The progressive reduction in meadow area (up to

93%) and low but stable shoot densities since 2005 showed that when

the reduction of the meadow area is severe, not only ramets but also

genets are affected. In this sense, more applied research is required

for long-term seagrass conservation needs. More frequent genetic

data replicates are still necessary to understand how meadow area

reduction and fragmentation affects the process of genet loss over

long periods of time.
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